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The slab-and-girder bridge is named so because it consists of two major types of 
structural members. These are: a) a reinforced concrete slab which serves as the 
roadway and distributes the concentrated loads imposed by vehicle wheels to b) a 
number of flexible girders which span in the direction of the traffic and carry aU the 
loads to the abutments. 
A skew slab-and-girder bridge is one in which the abutments are not perpendicu-
to ,the girders. Many skew highway bridges have already been built in grade 
separations where the intersecting roads are not perpendicular to one another. They 
are also necessary where natural or existing man .. made obstacles prevent a perpendicu-
lar crossing and consequently they are commonly found in mountainous areas. In 
many cases, the lack of space at complex intersections and in congested built-up areas 
may also require bridges to be built on skew alignment. 
The slab-and-girder bridge system is a favoured structural choice both on 
economic and aesthetic grounds. The use of some kind of shear mechanism which 
ensures composite action between the girders and the slab makes it possible to use 
smaller supporting girders. If steel I .. beam or precast prestressed concrete girders are 
used, expensive shoring can be avoided because these can support the weight of the 
wet cast-in-place slab concrete. This makes construction relatively rapid and easy and 
minimizes traffic interruption when it is a problem. 
The basic design problem is to determine the distribution of wheel loads among 
the girders so that the girders can be proportioned to be sufficiently stiff and strong. 
This has been studied for decades by many researchers who used diff eren t approaches 
to solve the problem. Very little research has been done on skew slab-and-girder 
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bridges because of the large amount of work involved. Studies on the behaviour of 
slab-and-girder bridges were limited to right bridges until the advent of the electronic 
digital computer which made very extensive numerical solutions possible. Research 
on skew slab-and-girder bridges has had limited impact on bridge design, so much so 
that even the current (1985) AASHTO Standard Specifications for Highway Bridges 
( 5) '" provide the practicing design engineer with absolutely no guidance regarding the 
effects of skew on the behaviour of a bridge. Therefore, research on skew slab-and .. 
girder bridges with the goal to develop design criteria which include the effects of 
skew appears desirable. This is the purpose of the present study. 
H is tori cal Review 
A program of systematic and coordinated research began in 1936 at the Univer-
sity of Illinois in an attempt to answer some of the questions regarding the design of 
highway bridges. This research, which was done in cooperation with the Illinois Divi-
sion of Highways and the Bureau of Public Roads between 1936 and 1954, is summar-
ized by Newmark and Siess (76). All of the bridge pro blems were solved by a combi .. 
nation of mathematical analyses and laboratory tests. Laboratory tests were done on 
small scale models of highway bridges and on full scale elements of such bridges. The 
experimental and analytical results were compared and wherever possible correlated 
with results of field 0 bservations. The design recommendations based on this 
research have had a significant impact on the existing state of the art of bridge design. 
A major contribution to the analysis of right slab-and-girder bridges was n1ade in 
1938 by Newmark (72) who developed a method which correctly accounts for the 
action of a slab continuous over noncompos£te supporting girders. The method is 
derived from the moment distribution method of analysis developed by Hardy Cross. 
l!! The numbers in parentheses refer to the list of references. 
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The solution is found in the form of an infinite trigonometric series where each term 
is obtained by numerical calculations involving fixed-end moment, stiffnesses and 
carry-over factors applied to an analogous continuous beam. This method of analysis 
is exact in the sense that it leads to formulas in terms of infinite series that satisfy the 
fundamental differential equation of the theory of flexure of slabs. 
Newmark and Siess (75) used this method to analyse a large number of right 
slab-and-girder bridges which enabled them to determine the structural behaviour. 
The distribution of load according to their analytical results is in excellent agreement 
with the distribution determined from measured strains in quarter scale bridge model 
tests (78) .. The well-known S/5.5 wheel load fraction which is currently used for the 
design the interior girders in slab-and-girder bridges is based on the analytical 
results of their study. The method of analysis is, however, limited in that neither 
composite action, girder torsion nor skew bridges can be considered. 
Since then, many researchers have further investigated the behaviour of right 
slab-and-girder bridges using various methods of analysis and including the effects of 
composite action, girder torsion and transverse diaphragms. Many of these are listed 
in the references (8, 20,36,63,85,86,87, 112,,,). By contrast, research in the area 
of skew slab-and-girder bridges which gives some guidance to the practicing bridge 
engineer is still lacking in the literature. In 1940-1941 Newmark, Siess and Peckham 
(77) tested five quarter scale simply supported, skew slab-and-girder bridge models. 
At that time it was not feasible to carry out finite difference analyses on skew slab-
and-girder bridges, because the calculations had to be done by hand. The laboratory 
tests were too limited in scope to lea.(f directly to any design recommendations for 
skew slab-and-girder bridges. However, Newmark (92) proposed a rational method to 
take the effects of skew into account approximately. 
Chen (14) analysed 18 simply supported, skew slab-and-girder bridges in 1953 
using a digital computer which could solve 39 simultaneous equations. The five-girder 
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bridges analysed had different dimensions and various angles of skew. Chen com-
puted influence surfaces for the midspan bending moments of the girders of the 18 
bridges and used these to determine the midspan bending moments in the girders of 
72 bridges subjected to AASHTO H-type standard truck loads. He derived from these 
results a set of empirical relations which can be used to determine wheel load fractions 
in skew slab-and-girder bridges. 
Some of the insufficiencies in Chen's work are as follows: 
1. As a result of computer limitations, he was forced to use a rather coarse 8x8 finite 
difference grid. He compared his results for right bridges with the exact solutions 
obtained by Newmark (75) which were in good agreement. He then assumed that 
his finite difference grid was also sufficient to obtain accurate results for skew 
bridges. There was no independent study of the influence of skew on the solution 
accuracy. Experience in dealing with the finite difference method has shown, how-
ever, that convergence of the solution deteriorates with increase in skew. 
2. In the finite difference method an applied concentrated load is converted to a uni-
formly distributed load which acts on an area equal to the area contained within 
four adjacent grid lines. This means that a wheel load was distributed over one 
eighth of the length and width of a bridge. The length over which it is distributed 
is unrealistically large if the span of the bridge is for instance 80 ft. 
3. Chen's work does not include the effects of girder torsion and composite action. 
4. Both Chen's and Newmark's wheel load fractions are based on the distribution of 
only one of the axle loads from each truck on a bridge. 
5. A major weakness in Chen's work is the method which he used to express the 
effects of skew on the wheel load fractions. For large angles of skew where the 
reduction in girder bending moments as the consequence of skew is significant, 
very large scatter exists in his wheel load fraction data points. For instance, for a 
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skew angle of 60 degrees the scatter is as much as 55%. Any beneficial effect of 
skew is completely lost if a conservative empirical relation is determined from data 
with such large scatter. 
In 1957 Hendry and Jaeger (39) determined the effect of skew on the load distri-
bution by applying their method of grid-frame analysis by the distribution of harmon-
ics to interconnected girders in skew bridges with 3 or 4 longitudinal girders. In the 
grid-frame analysis method the deck and girders are replaced by an equivalent grillage 
of interconnected beams with stiffnesses approximately equal to the stiffnesses of the 
sections of the slab and girders which are replaced. Fujio, Ohmura and Naruoka (30) 
proposed formulas to determine midspan bending moments in the interior girders of 
skew grillage bridges. Their forUI ulas were based on a finite difference analysis of 
orthogonal anisotropic skew plates proposed by Naruoka and Ohmura (69). 
In 1966 Gustafson (36) developed a finite element matrix method to analyse 
skew plates with eccentric integral stiffeners. He used this method to analyse two 
skew slab-and-girder bridges. The purpose of his study was the development of the 
method and his computer program. 
Mehrain (63) developed finite element computer programs in 1967 to analyse 
skew composite slab-and-girder bridges. His main objectives were the developrnent of 
his programs and to study the convergence and accuracy using different finite ele-
ments. He removed some kinematic incompatibilities which exist in Gustafson's 
eccentric girder modelling. His deflection results compared wen with those obtained 
experimen tally from a series of tests on plastic bridge models. 
In more recent work by Powell and Buckle (85, 86, 87) vanous computer pro-
grams were developed and tested on many types of slab-and-girder bridges. They 
compared results between the different programs which were based on the following 
idealizations: ribbed plate, equivalent anisotropic plate, equivalent grid and equivalent 
isolated girder. They concluded that the isolated girder idealization does not lead to 
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consistent maximum design values. The ribbed plate, equivalent plate and equivalent 
grid give about the same results. In skew bridges the grid idealization may underesti-
mate the transverse flexural deck stiffness. 
In 1983 Kennedy and Grace (45) analytically determined the effect of diaphragms 
on the distribution of load in skew slab-and-girder bridges subjected to point loads. 
They found that the transverse distribution of a point load is enhanced by diaphragms 
and that the efI ect of diaphragms is more pronounced in relatively wide bridges with 
large skew angles. 
Many other researchers investigated the behaviour of skew unstiffened slabs, 
skew slabs with edge beams and other types of skew bridges which are not multiple-
girder bridges. 
Purpose and Scope or Investigation 
1 .. 3 .. 1.. Purpose 
The main purpose of this study is to develop a reliable method of analysis for 
simply supported, skew slab-and-girder bridges based on linear elastic analysis. Such a 
method of analysis should be easy to use, should approximate the true behaviour of a 
bridge with acceptable accuracy and should preferably be in a form familiar to practic-
. . lng engIneers. 
In order to develop this simplified analysis procedure it is necessary to find a 
mathematical model and analytical method of analysis which can accurately predict the 
behaviour of a skew slab-and-girder bridge. The finite element method is chosen for 
this purpose. It is dangerous to use computer output blindly, but when the structure 
being analysed is very complex and no exact solutions exist with which computer 
results can be compared, one is often forced to rely upon these results. Therefore, it 
is very important to know if the finite elements which are used are capable of 
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providing the correct solution. The objectives of this study can be listed as follows: 
1. ' To determine the effect of skew distortion on the behaviour of the finite elements 
which are used and to determine if the use of these elements ensures convergence 
to the exact solution. 
2. To determine the finite element mesh which provides a solution close to the con-
verged' correct' solution by doing a convergence study on the bridge. The' correct' 
solution is defined as the solution when the finite element results have converged 
completely. 
3. To verify the accuracy of the solutions presented in this study by comparing them 
with existing solutions for slab-and-girder bridges. 
4. To use the selected mesh which provides results close to the 'correct' solution to 
study the behaviour of skew slah:..and .. girder bridges by varying the parameters 
which determine the behaviour of the bridge. 
5. To interpret and process the data obtained from the parametric study to develop a 
simplified, accurate analysis procedure for the maximum girder bending moments 
in skew slab-and-girder bridges. 
1 .. 3 .. 2.. Scope 
The typical skew bridge considered consists of a reinforced concrete slab of uni-
form thickness supported by five precast prestressed concrete or steel I .. beam girders. 
The girders are identical, prismatic and equally spaced. The bridge is simply supported 
at the abutments. Full composite action occurs between the slab and girders. The 
torsional stiffness of the girders is taken into account. The type of skew considered is 
such that the abutments are parallel to each other. The span of the bridge varies from 
40 to 80 ft, the girder spacing from 6 to 9 ft and the angle of skew Q', as defined in 
Fig. 2.1, from 0 to 60 degrees. The slab thicknesses and girder properties used cover 
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the practical ranges for this type of bridge. The results can also be applied to bridges 
with steel I-beams if a minor modification is made. A total of 108 two-lane slab-and-
girder bridges subjected to two HS20-44 AASHTO standard trucks are analysed. It is 
assumed that the bridge behaves in a linearly elastic manner. The emphasis is on the 
maximum bending moments in the girders. 
The following limitations are imposed: 
1. The bridge has only end diaphragms. 
2. The stiffening effect of the curbs is ignored. 
3. Only I-shaped girders are considered. 
4. The length of the slab overhangs at the edge girders is 1 9 inches for all bridges 
considered. This is not of much importance because it is shown in Section 2.2 that 
a change in the overhang length has little influence on the maximum edge girder 
bending rnoment. 
5. No truck wheel can get cioser than two feet from an edge girder. 
The idealization of the bridge model and the bases for certain assumptions and 
limitations regarding the modelling are discussed in detail in Section 2.2. 
Method Approacll Presentation 
The method of approach follows the same order as the objectives stated in Sec-
tion 1.3.1. 
The idealization of the bridge and the bases for certain assumptions are discussed in 
Chapter 2. The parameters which determine the behaviour of the bridge are intro-
duced and their ranges of variation are determined. This is followed by a discussion 
of the loading conditions considered for live and dead load. 
Chapter 3 is devoted to the method of analysis. Problems in using the finite ele-
ment method to model eccentric stiffeners are discussed. The particular elements 
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used are described and quality tests are done on the shell element, which is used to 
model the deck, to determine the influence of skew distortion on its behaviour. This 
is followed by a convergence study which determines the degree of refinement of the 
finite element mesh needed to give adequate results for the bridge. Four example 
bridges are analysed using this mesh and the results are compared with existing solu-
tions. 
The results of the parametric study are presented in Chapter 4. The effects of 
varying certain parameters are discussed in detail. This is preceded by a few important 
topics namely: the effect of increasing the number of girders; the effect of the end 
diaphragms at the abutments; the influence of girder torsional stiffness; consistency of 
the parameters; the magnitude of calculated girder bending stress errors and a discus-
SIon on the locations of trucks which result in maximum girder bending moments. 
Chapter 4 is concluded with a comparison between the present analytical results for 
right slab-and-girder bridges and the AASHTO design provisions. 
In Chapter 5 a reliable, practical method of analysis is developed for simply sup-
ported, skew slab-and-girder bridges. The expected maximum errors using this 
analysis procedure are also indicated. 
Chapter 6 gives a summary of this report and deals with the conclusions reached. 
Recommendations for further research are made. 
The following symbols are defined wh,ere they are first introduced In the text. 
They are listed below for convenient reference. 
A the identifier for the edge girder, as shown in Fig. 2.1. 
10 
Ag cross sectional area of a prefabricated girder effective in tension. 
As cross sectional area of the effective flange of an interior composite T-
section girder. 
Asx cross sectional area of a prefabricated girder effective in shear in the verti-
cal direction. 
Asy cross sectional area of a prefabricated girder effective in shear in tb e hor-
izontal direction" 
a span of the bridge in feet. 
B the iden tifier for the first interior girder, as shown in Fig. 2.1. 
b the girder spacing in feet. 
b/a ratio of the girder spacing to span. 
beft' eff ective flange width of a composite T-section girder. 
b/Q wheel load fraction for maximum girder bending moment. 
b/X wheel load fraction for girder midspan deflection. 
C the identifier for the centre girder, as shown in Fig. 2.1. 
c dead load per unit length of a curb and parapet. 
D flexural stiffness of the slab per unit width. 
E Young's modulus of elasticity. 
Eg modulus of elasticity of the supporting girders. 
Es modulus of elasticity of the slab. 
e eccen tricity of the centre of gravity of a prefabricated girder with respect to 
the midsurface of the slab. 
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G E/[ 2( 1 + p)] shear modulus. 
H 
J 
L 
N 
shear modulus of the material in the slab. 
shear modulus of the material in the supporting girders. 
E I 
g cg dimensionless stiffness parameter which is a measure of the bending 
aD 
stiffness· of an interior composite girder relative to that of the slab. 
bending moment of inertia of an interior composite T-section girder. 
bending moment of inertia of a prefabricated girder about the strong axis. 
bending moment of inertia of a prefabricated girder about the weak axis. 
torsional moment of inertia. 
constants. 
span of a beam. 
total bending moment acting on a composite T-section girder. 
design bending moment in a girder obtained from the simplified analysis 
procedure in Chapter 5. 
bending moment acting on an isolated prefabricated girder. 
integral of the longitudinal bending moments in the flange of a composite 
T-section girder. 
maximum static bending moment in an isolated beam subjected to half the 
load of one AASHTO HS20-44 truck. 
number of subdivisions in a finite element mesh. 
axial force acting on an isolated prefabricated girder. 
p 
Q 
R 
t 
u 
v 
w 
x 
x 
y 
y 
z 
z 
.6. static 
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a point load representing half the load of one heavy axle of an AASHTO 
HS20-44 truck. 
distribution factor for maximum girder bending moment. 
ratio of the vertical stiffness of an interior composite T-section girder to 
the vertical stiffness of the section of the slab effective in the transverse 
direction. It is proportional to H(b/a)3. 
thickness of the slab. 
displacemen t in the x .. direction. 
displacemen t in the y-direction. 
displacemen t in the z .. direction. 
distribution factor for girder midspan deflection. 
cartesian coordinate. 
skew reduction factor for girder midspan deflection. 
cartesian coordinate. 
skew reduction factor for maximum girder bending moment. 
cartesian coordinate. 
angle of skew as defined in Fig. 2.1. 
girder midspan deflection. 
midspan deflection of an isolated beam subjected to half the load of one 
HS20 .. 44 truck located such to produce the maximum static bending 
moment in the beam. 
On rotation about an axis normal to the abutments as shown in Fig. 2.1. 
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8x rotation about the x-axis. 
8y rotation about the y-axis. 
8z rotation about the z-axis. 
Poisson's ratio, taken as 0.2. 
bending stress at a distance z from the neutral axis of a girder. 
w uniformly distributed dead load per unit area resulting from the resurfacing 
of the roadway between the faces of the curbs. 
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CHAPIER2 
IDEALIZATION OF TIlE BRlDGE AND INIRODUCTION 
OF TIlE P ARAME1ERS USED 
2 .. 1 .. General 
This chapter is divided into four main sections. In Section 2.2 a brief description 
is given of the idealized highway bridge considered. This is followed by a discussion 
of the bases of the assumptions and idealizations. In. Section 2.3 parameters are intro-
duced which relate to the loading conditions, to the geometry of the bridge and to the 
material and structural properties of the bridge members. The idealizations concerned 
with the material properties are discussed in Section 2.3. Section 2.4 consists of a 
summary of the parameters and their ranges used in this study and briefly describes 
their general effects on the structural behaviour of the bridge. 
2 .. 2.. Idealization of the Bridge 
The plan view and cross section of the slab-and-girder bridge considered are 
shown in Fig. 2.1. The cross section of the actual bridge is idealized as shown. The 
span of the bridge, a, is the length of the bridge in the longitudinal direction, that is, 
the direction in which the traffic moves. The girder spacing, b, is the shortest distance 
between two girders and is measured transverse to the direction of traffic movement. 
The angle of skew Q is defined as the angle between the transverse and skew direc-
tions as indicated in Fig. 2.1. 
The following assumptions and idealizations are made: 
1. The bridge deck is idealized as a horizon tal slab of uniform thickness. The 
material in the slab is homogeneous, elastic and isotropic. 
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2. The slab is supported by five identical equally spaced parallel eccentric I-shaped 
girders. The girders are elastic and prismatic, that is, the girder cross section 
remaIns the same along the length of the girder. The eccentricity, e, indicated in 
Fig. 2.1 is the distance between the centre of gravity of a supporting girder and the 
midsurface of the slab. 
3. The edge of the slab and the girder ends are simply supported at the two abut-
ments unless specifically indicated otherwise. At any point along the two support 
edges the vertical deflection and rotation normal to the abutments, On' are zero. 
This zero normal rotation On is shown as a vector using the right-hand rule in Fig. 
2.1. The normal rotational constraint at a support, On = 0, has the same effect as 
an end diaphragm which is rigid in bending in its own plane. 
4. Except for the imaginary diaphragms at the support edges, no other diaphragms 
exist. 
S. To simplify the problem it is assumed that full composite action occurs between 
the supporting girders and slab. This means that there is no shear slip at a girder-
slab in terf ace. 
6. The girder-slab interaction occurs along a line, that is, the girders have no width. 
7. The stiffening eff ect of the curbs and parapets is ignored. 
8. The width of the slab overhang at the two edge girders IS 1 9 inches for all cases 
studied. 
Note that for the convergence study in Section 3.5 and the example problems dis-
cussed in Section 3.6, not all of the above assumptions are true. To enable comparison 
with previous solutions, the assumptions on which those solutions were based are fol-
lowed. 
Some of the assumptions listed above need justification and are discussed in the 
following paragraphs. 
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The choice to analyse bridges which have only five girders is made mainly to limit 
the computational cost. It is concluded in Section 3.5 that four rows of finite elements 
are necessary between adjacent girders to ensure accurate results. This means that if 
there are more girders, the total number of slab elements required is increased. In 
Section 4.4 it is shown that the results for a five-girder bridge may conservatively be 
applied to bridges with more than five girders. 
For precast concrete girders, the transfer of shear on the girder-slab interface can 
be accomplished by means of bond between the two elements and the use of vertical 
ties to prevent separation. Effective bond is ensured if the top surface of the precast 
beam has been left rough. Shear studs welded to the top flange are normally used in 
the case of a concrete slab on steel I .. beams. According to Ref. 96, the transfer of 
horizontal shear between the slab and precast concrete girders is usually no problem at 
service load levels. Siess (73) showed that for a concrete slab on steel I-beams some 
shear slip does occur at service load, but the assumption that no slip occurs is still rea-
sonable if the shear transfer mechanism is properly designed. 
The maximum span of the simply supported bridges considered in this study is 80 
ft. It is unlikely that the designer win use an I-shaped prestressed concrete girder with 
a top flange width of more than 20 inches for spans in this range. The economical 
girder spacings used are normally not less than 6 ft. Neglecting the width of the gird-
ers is thus not unreasonable and it can be assumed that the girder-slab interaction 
occurs along a line. I .. shaped girders are assumed, thus girders of box-section are not 
considered. It is shown in Section 4.8.2 that an increase in the slab stiffness results in 
a better load distribution with smaller bending moments in the girders. Because the 
width of the girders is, in effect, a stiff ening of the slab, the results obtained by ignor-
ing the girder width are conservative. 
The eff ect of the possible stiffening of the edge girder by the curb and parapet 
was investigated by Newmark (75). He found that an increase of 20% in the exterior 
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girder bending stiffness resulted in a difference of less than 4% in the mrunmum 
influence value for bending moment at.midspan of the exterior girder. However, the 
increase in exterior girder bending stiffn.ess as the result of the stiffness contribution 
of the curb can be much more than 20% with the consequence that the girder bending 
moments are effected by more than 4%. This is verified by a series of field tests done 
by Douglas (26), Guilford (33, 34) and Lin (55) on actual bridges. Their investiga-
tions consistently revealed that when the curbs are monolithic with the slab, they do 
have a moderate influence on the edge girder bending moment. 
Despite this fact, designers normally ignore the stiffening effect of the curbs 
because they are not considered as load-carrying members. The structural designer 
does not wish to rely on a possible strengthening of the edge girder. There are many 
diff eren t types of curbs and traffic railings which might be used and they all have unk-
nown stiffness contributions. Some curbs are monolithic, others are precast concrete 
units bolted to the slab and others are concrete parapets with expansion joints at short 
intervals. 
With respect to the interior girders of a bridge, it is safe to ignore the effect of 
the curbs and parapets because small bending moment reductions occur in the interior 
girders when the curbs are included in the analysis. If the curb-to-slab connection is 
such that it does stiffen the edge girder and a larger edge girder design moment 
occurs, then the bending moment of inertia of the edge girder also has to be larger. 
With this larger inertia the additional load on the edge girder might be carried without 
exceeding the allowable bending stresses. This is likely because the contribution of a 
curb can easily double the edge girder bending moment of inertia, while the fraction 
of the load that the edge girder carries can never become twice as much as without 
the curb. It is thus likely that by ignoring the effect of the curbs, a conservative edge 
girder design will still result. It is this course which is followed throughout the rest of 
this study_ 
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With regard to the width of the overhang, the designer usually has the freedom 
to choose the width of the overhang as he wishes. There are normally no limitations 
except for the aesthetic requirement that the face of the exterior girder should not be 
flush with the face of the slab, since this would present an unpleasant appearance of 
large depth. 
The choice to use the width of the overhangs as 19 inches is based on the follow-
ing practical consideration. In view of the uncertainty of the edge girder stiffness asso-
ciated with the curb and the resulting uncertainty of the magnitude of the maximum 
edge girder bending moment, it is desirable to prevent the occurence of the control-
ling design moment in the edge girder. This can be done by increasing the minimum 
possible distance between the edge girder and the truck wheel nearest to the edge 
girder. The influence line for edge girder bending moment in Fig. 3.21 clearly indi-
cates that the truck wheel closest to the edge girder is the most effective load produc-
ing moments in the edge girder. It also shows that the moment in the edge girder is 
very sensitive to the location of the closest wheel, especially when the girder spacing, 
b, is small. If the minimum possible distance between the edge girder and nearest 
wheel is increased, a significant moment reduction results. The magnitude of this 
reduction depends on the geometry and stiffness of the bridge. Work on this subject, 
that by Sithichaikasem (112) on right bridges, shows that if the truck wheels are 
always at least two feet away from the edge girder in short span bridges (bja = 0.1 or 
larger), the maximum design moment always occurs in one of the interior girders. He 
also showed that the edge girder bending moment may be the controlling moment if 
this two feet minimum distance is not kept. 
Chen (14) reported that there is a tendency for the edge girder to become the 
controlling girder when skew is introduced. This is verified in Section 4.8.3. Thus, it is 
even more important for skew bridges to keep the nearest truck wheels at least two 
feet away from the edge girder. 
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Considering the above mentioned points, the decision made is to keep the truck 
wheels at least two feet away from the edge girders. This can be done by positioning 
the face of the curb directly above the edge girder. According to AASHTO provision 
1.2.5, the outer truck wheels are always two feet away from the face of the curb and, 
therefore, also two feet away from the edge girder. The length of the overhangs is 
not the real issue, but it determines the location of the face of the curb relative to the 
edge girder which has a very important effect on the moments in the edge girder. A 
19 inch overhang is required to attach an Illinois standard concrete curb such that the 
face of the curb is directly above the edge girder. Fortunately, the edge girder bend-
ing moment is insensitive to changes in the length of the overhang if the wheel is still 
kept two feet away from the edge girder. An investigative analysis on a practical skew 
bridge subjected to truck loads reveals that the maximum edge girder bending 
moment increases by only 3% if the overhang length is changed from 19 to 39 inches. 
The same change produces a reduction in the maximum moment in the centre girder 
of 0.4%. 
The parameters used to study the behaviour of the bridge are classified as fol-
lows: 
1. Parameters defining the geometry of the bridge. 
2. Parameters defining the elastic properties of the materials. 
3. Parameters defining the structural properties of the bridge members. 
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4. Parameters defining the loading conditions. 
These parameters are discussed individually in the sections which follow. 
2.3 .. 2 .. Parameters Defining the Geometry or the Bridge 
There are three parameters which determine the geometry of the bridge. They 
are: the angle of skew a, the bridge span, a, and the girder spacing, b. These three 
parameters are defined in Section 2.2. Wherever it is convenient a fourth dimension .. 
less parameter, the girder spacing to span ratio b la, is used in conjunction with either 
a or b. The behaviour of the bridge is sensitive to changes in b and the b la ratio. 
The influence of the parameters b, bla and a on the behaviour of the bridge is dis-
cussed in detail in Chapter 4. 
The following' values for the angle of skew are used: a = 0, 30, 45 and 60 
degrees. A survey by Kennedy (48) in 1969 showed that in the Canadian Province of 
Ontario about 35% of the total bridge deck area that had been built by that time was 
on skew alignment. The percentage of total deck area is distributed as shown in the 
table below: 
DISTRIBUTION OF DECK AREA 
a Degrees Percen tage of Total Deck Area 
0 65 
1 .. 30 21 
30 .. 45 9 
45 .. 60 4 
>60 1 
Because only 1 % of the total deck area is on skews of more than 60 degrees, the angle 
of skew is limited to 60 degrees in this study. 
Since this study is concerned with simply supported bridges, the span is limited to 
80 feet. Three values are used for the span: a = 40, 60 and 80 ft. Spans shorter than 
40 ft are not considered because it is likely that the engineer win choose an economic 
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slab-type bridge for spans in this range. It should be realized that a 40 ft gap that 
could be spanned by a 40 ft right bridge requires a 80 ft span if a = 60 degrees. 
Girder bending moment results for right bridges reported by Sithichaikasem 
(112) and others, and results for skew bridges reported by Chen (14) show a very 
smooth variation with b/a. Therefore, it is estimated that by using three spans for 
each b;.,value, enough data points will be generated to determine the behaviour of the , 
bridge. 
i 
The girder spacing, b, is one of the most important parameters which determines .' 
how the truck load is distributed to the various girders in a bridge. This is reflected in 
the AASHTO design specifications because the girder bending moments may be calcu-
lated using the wheel load fraction-b 15.5 . 
. In order to obtain an economic design, the engineer has to change the girder 
spacing, slab thickness and number of girders according to the span of the bridge. 
The current (1985) trend is to use larger girder spacings, thereby reducing the number 
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of girders necessary. As reported in the optimization study in Refs. 88 and 89 fewer 
but stronger girders are more economic. The girder bending moment results for skew 
bridges reported by Chen (14) and those for right bridges reported by Sithichaikasem 
(112), indicate a nearly linear variation with b/a. The following girder spacings are 
used for the 108 bridges analysed: Forty-eight of the bridges have a girder spacing of 
b = 6 ft. Another group of 48 bridges has a girder spacing of b = 9 ft. To determine 
if the girder bending moments are also linear in b for skew bridges, two bridges are 
analysed with b = 6.75 ft, eight with b = 7.5 and two are analysed with b = 8.25 ft. 
It is found that for all practical purposes a linear relation in b does exist. This is dis-
cussed in Section 4.8.2.2. It is, therefore, possible to extrapolate the results linearly 
when moderate changes in girder spacings is needed. 
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2 .. 3 .. 3.. Parameters Defining the Elastic Properties the Materials 
This study is concerned with the linear elastic behaviour of a bridge under service 
loads. It is assumed that the bridge slab is made of reinforced concrete, which is 
idealized as a homogeneous, elastic, isotropic material. The girders may be steel 1-
beams or prestressed concrete girders. The effect of cracks in the slab concrete on the 
stiffness of the slab is discussed in Section 2.3.4.2. 
The elastic properties of the materials of the bridge members are the Young's 
modulus of elasticity, Poisson's ratio and the shear modulus. The following notation 
is used: 
Es = modulus of elasticity of the slab. 
Eg = modulus of elasticity of the supporting girders. 
I' = Poisson's ratio. 
Gs = shear modulus of the slab; G = E/[2(1 + 1')]. 
Gg = shear modulus of the supporting girders. 
In order to reduce the loss of prestressing force due to creep, the concrete used 
for prestressed concrete girders is normally of much higher quality than that used for 
the slab concrete. If prestressed concrete girders are used, the ratio Es/Eg is approxi-
mately 0.8. Motarjemi (68) showed that the girder bending moments are insensitive 
to changes in Es/Eg. The value of 0.8 is used in this study except if otherwise indi-
cated. The ratio of Es/Eg is of course much smaller for steel I-beams, but this does 
not matter because a steel beam may be transformed to an equivalent prestressed con-
crete girder, by using the appropriate modular ratio. 
The value of Poisson's ratio for the slab concrete is taken as 0.2. This value is 
also used to determine the shear modulus G g of the supporting girders in so far as the 
resistance against shear deformations is concerned. Motarjemi (68) showed that a 
variation in Poisson's ratio for the slab concrete from 0.05 to 0.25 has no significant 
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influence on the results. 
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2 .. 3 .. 4.. Parameters Defining the Structural Properties the Bridge Members 
2 .. 3 .. 4 .. 1.. General 
The behaviour of a bridge slab stiffened by eccentric girders is very complex. 
The structural action of a slab by itself is complex. The slab behaviour is complicated 
by the fact that the slab is continuous over supports and that the girders which act as 
supports are flexible. Because full composite action is considered, the behaviour is 
further complicated by the girder eccentricity which causes axial forces in the slab with 
resulting shear lag effects. A very involved analytical model is necessary to take all 
these effects into account. This model is discussed in Chapter 3. 
There is a large number of variables which determine the structural properties of 
a bridge. The amount of work involved to consider all of these variables in a 
parametric study is prohibitive. It is, therefore, necessary to eliminate as many vari-
abIes as possible without simplifying the structure so much that the structural 
behaviour is thereby altered. This can be done by ignoring the unimportant variables 
and by combining others to bring about new ones which have the controlling effects 
on the structural behaviour. 
The parameters which have the con trolling eft' ects are determined by recognizing 
the major structural actions in a slab-and-girder bridge. These are as follows: 
1. The bridge slab distributes truck loads over the width of the bridge. To do this, it 
acts in flexure in the transverse direction, similar to a beam continuous over flexi-
ble supports. The flexural rotation of the slab at the support girders is resisted by 
torsional stiffness in the girders. 
24 
2. The eccentric girders act together with the slab to form strong, stiff composite T-
section girders which carryall the load to the abutments in flexure. 
It is, therefore, necessary to combine the variables which determine the flexural 
slab stiffness and those which bring about the flexural composite girder stiffness and 
the torsional girder stiffness. This is done in the sections which follow. The girder 
and slab stiffnesses are then combined to form a single dimensionless parameter. 
2 .. 3 .. 4 .. 2.. The Flexural Slab Stiffness D 
The flexural slab stiffness per unit width is 
D (2.1 ) 
where t is the slab thickness. It is assumed that the slab is made of reinforced con-
crete. The value of p, is taken as 0.2. Motarjemi (68) showed that changes in the 
value of p, does not have any significant effects. The thickness of the slab, t, depends 
on the girder spacing, b, and is normally between six and ten inches. The modulus of 
elasticity of the slab Es is taken as: Es = 0.8 Eg, for the reason explained in Section 
2.3.3. 
It is well known that the flexural stiffness D of a reinforced concrete slab varies 
with the degree and extent of cracking which is present. Longitudinal cracks caused 
by bending moments in the transverse direction reduce the transverse flexural 
stiffness of the slab at the location of the cracks, because the effective slab thickness 
there is smaller. However, there are usually fairly large sections of the slab which 
remain intact between cracks. The average flexural stiffness of the slab is thus only 
slightly reduced by cracking. Newmark (77, 78) did a series of tests on quarter scale 
concrete bridge Illodels which showed that the distribution of load to the steel I-beam 
girders, as determined from measured strains, was in excellent agreement with the 
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distribution predicted by elastic service load analyses. In this analysis Newmark com-
puted the flexural slab stiffness from the gross concrete section ignoring the reinforce-
ment. The full thickness, t, of the slab is used in computing the flexural stiffness in 
the present study. 
2,,3,,4,,3~ The Flexural Composite Girder Stiffness Eg leg 
The second major structural action in the bridge originates from the composite 
girders which carryall the load to the abutments. In the discussion which follows, the 
parameters and effects which determine the flexural composite girder stiffness are 
stated. The num ber of parameters is then reduced by elimination and combination to 
give only one convenient parameter. 
The girders supporting the slab may be steel I-beams or prestressed concrete gird-
ers. For all practical purposes, prestressed concrete girders behave elastically like steel 
I-beams because design allowable stress requirements prevent the girder from cracking 
under service load conditions. 
A precast prestressed concrete girder is shown in Fig. 2.2a. The following nota-
tion is used to define the section properties of the girder: 
Igx = bending moment of inertia about the strong axis, x-x. 
Igy = bending moment of inertia about the weak axis, y-y. 
J = torsional moment of inertia abou t the shear centre (s.c.). 
e = eccentricity of the centre of gravity (c.g.) of the supporting girder with respect 
to the midsurface of the slab. 
Ag = gross area effective in tension. 
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Asx = area effective in shear in the vertical direction taken as Ag /1.2 for a rectangu-
lar girder section. 
Asy = area effective in shear in the horizontal direction. 
To reduce the number of variables, the girder parameters Igy and Asy are ignored 
because they have insignificant influence on the behaviour of the structure. Analyses 
of two practical skew bridges with prestressed concrete girders show that the inclusion 
of girder w~ak-axis bending and weak-axis shear stiffness cause less than a 0.2% 
change in the distribution of load to the girders. Furthermore, by ignoring A sy, the 
complicated problem of calculating the location of the shear centre of a thick-walled 
section is avoided. The location of the shear centre does not enter the solution as far 
as J and Asx are concerned because the cross section is y-axis symmetric. 
The number of variables can further be reduced by combining several to form a 
new one. A major simplification is possible by using the composite T-section girder 
stiffness as parameter, thus avoiding the numerous possible variations in Igx, Ag and e 
when they are considered as independent parameters. The composite T-section girder 
is shown in Fig. 2.2b. The composite T .. section stiffness can easily be determined 
using the effective flange width concept and the transformed area method. 
If an isolated T-beam with a wide flange is subjected to bending, the web causes a 
variation in the compressive bending stress in the top flange. This bending stress 
varies from a maximum value above the web to a minimum at the ends of the flange. 
The variation occurs as the result of in .. plane shear deformations in the flange, known 
as shear lag. The effective flange width concept is a tool which permits the simple and 
rapid calculation of approximate stresses in a composite beam. The shear lag effect in 
the flange is taken into account approximately by transforming the real T-beam to 
another T-beam that has an effective flange width in which the bending stress is con .. 
stant over the width. The work of many researchers who developed this technique is 
discussed in Ref. 96. 
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In the present study, the effective flange width recommendations made in the 
AASHTO Specifications for Highway Bridges (5) are used. If the AASHTO deflection 
criteria regarding the thickness of the slab is met, it is found that in nearly all cases 
the effective width equals the girder spacing, b. 
The transformed area method is used to transform the slab material to equivalent 
prestressed concrete material. The effective flange width beft' as indicated in Fig. 2.2b, 
is multiplied hy the ratio Es/Eg which is always taken as 0.8. If steel I-beams are 
used, then they are also transformed to equivalent prestressed concrete by using the 
appropriate modular ratio. With a composite T .. section consisting now of only pres-
tressed concrete, the composite moment of inertia leg can he calculated from 
( 2.2) 
The parameters Igx, heft" t, Ag and e are thus replaced by only one parameter-leg. 
The required composite girder flexural stiffness is Eg leg' where Eg is the modulus 
of elasticity of the precast prestressed concrete supporting girders. The paragraphs 
which follow explain the advantage of using the leg parameter. 
The designer can use the total moment on the composite T-section girder Meg 
and the bending moment of inertia of the composite T .. section leg to calculate the 
approximate bending stress (J' at any point a distance z from the neutral axis of the 
composite section using the well known formula: 
( 2.3) 
The total bending moment on the composite T-section Meg is made up of the three 
components shown in Fig. 2.2a. 
where, ( 2.4) 
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Mg = bending moment acting on an isolated supporting girder. 
Ng = axial force acting on an isolated supporting girder. 
e = eccentricity as defined before. 
Ms = integral of the longitudinal bending moments In the flange of the composite 
T-section girder. 
Nge is the moment couple resulting from the eccentricity of the supporting girder. Ng 
and Mg are directly available from the finite element program used. To obtain M s , 
numerical integration must be used because the slab momen ts are only available at 
certain points. The effect of Ms is very small and is usually less than 3% of the total 
moment Meg. 
An alternative way to determine the stresses in the supporting girder is to use the 
supporting girder properties and forces which act on the supporting girder alone. The 
bending stress (J' at any point a distance z from the neutral axis of the supporting girder 
can be calculated from: 
( 2.5) 
Here, no approximation is involved and the stresses obtained are more reliable. How-
ever, the values of Ng and Mg depend on many variables: A g, 19x' beff , e and t, 
whereas, the value of Meg depends only on one parameter-leg. 
The advantage of using leg as parameter is that for a specific value of leg, only one 
analysis is necessary which represents a large number of bridges with different slab 
thicknesses and different supporting girders. However, using the composite girder 
stiffness leg as parameter, an approximation is introduced because the value of leg 
depends on the effective flange width which approximates the influence of shear lag in 
the slab. The magnitude of girder stress errors which result from this approximation 
is discussed in Section 4.2. 
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2 .. 3 .. 4 .. 4 .. Torsional Girder Stiffness GgJ 
The major difference between steel I-beams and prestressed concrete girders in a 
slab-and-girder bridge is the effect of their torsional stiffness on the load distribution. 
Badaruddin (8) showed that the torsional stiffness of a steel I-beam has negligible 
influence on the distribution of truck loads to the girders and can, therefore, be 
ignored. Prestressed concrete girders have considerable larger torsional stiffness, but 
Badaruddin showed that the effect of their torsional stiffness on the distribution of 
truck loads to the girders is only in the order of 5%. On the other hand, the torsional 
stiffness of girders of box-section, which are not considered in this study, has a large 
influence. 
The torsional stiffness of a girder is made up of two parts: The St. Venant tor .. 
sional rigidity and warping rigidity. Badaruddin (8), Sithichaikasem (112) and Motar .. 
jemi (68) showed that the effect of the warping rigidity in bridges which are not 
curved is insignificant for both steel I-beams and prestressed concrete girders. Warp-
ing torsion is thus not considered in this study. 
The St. Venant torsional stiffness of the supporting girders is GgJ, with 
G g = Eg I[ 2( 1 + p,)] the shear modulus of the girder material and J the torsional 
moment of inertia. It is necessary to determine if the effect of girder torsion on the 
distribution of truck loads becomes more important for bridges built on skew align .. 
men t. This effect of torsion is discussed in Section 4.5. 
McGee (62) showed that linear elastic theory may be used to predict the torsional 
stiffness of a prestressed concrete beam before cracking. The torsional behaviour of a 
compound cross section is very complex. In order to calculate the torsional moment 
of inertia J of a prestressed concrete girder, the cross section is idealized as shown in 
Fig. 2.2c. Following Bach's (7) approximation, the section is subdivided into rectan-
gles and J is calculated as the sum of the torsional inertia of each rectangle. Accord-
ing to Timoshenko (116), J for a rectangular cross section is: J = kx 3y, where k is a 
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constant depending on the ratio y Ix with x the smaller and y the larger dimension of 
the rectangle. 
Bach's approximation is conservative because the shear flow between rectangles is 
ignored. An analytical test done shows that better accuracy is obtained if the torsional 
moment of inertia for rectangle No 4 in Fig. 2.2c is subtracted, because it is already 
included in the twisting stiffness of the slab. 
The torsional stiffness G gJ 0 btained in this way is not very accurate. Fortunately, 
the influence of torsion on the girder bending moments is small. In Section 4.5 it is 
shown that a 47% variation in the torsional stiffness results in a maximum change in 
girder bending moments of only 1.3%. A 100% reduction in torsional stiffness results 
in girder bending moment variations of less than 7%. Laboratory tests on prestressed 
concrete members" have shown that their torsional rigidity decreases far more than 
their flexural rigidity as soon as cracking occurs. These uncertainties about the true 
torsional stiffness and the fact that the girder bending moments are rather insensitive 
to changes in the girder torsional stiffness make it unnecessary to attempt to deter-
mine J-values using a more refined method. The use of the simplified girder cross 
section along with Bach's approximation is thus acceptable. 
Because the bridge behaviour is so insensitive to girder torsional stiffness, the 
torsional stiffness is not used as a major parameter in this study. However, it is taken 
into account. The girders used in the analyses are actual standard precast preten-
sioned prestressed concrete girders which are used in practice (89). The torsional 
stiffness calculated as described above is used in each bridge analysis. The girder pro-
perties for each analysis are presented in Table 2.1. 
Although the properties used in the analysis are expressed for prestressed con-
crete girders, the results can also be used for steel I .. beams by applying the minor 
modification recommended in Section 4.5. 
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The main influence of torsion on the behaviour of the bridge is the restraints of 
the rotation of the slab at the girders. Therefore, the slab is stiffened by this effect. A 
stiffer slab distributes truck loads better so that smaller design moments occur. The 
infl uence of girder torsional stiffness is discussed in detail in Section 4.5. 
2 .. 3 .. 4 .. 5 .. Dimensionless Stiffness &_.UII'IUI 
The behaviour of a slab-and-girder bridge depends on the geometry of the bridge 
as well as on the structural properties of the bridge members. Newmark (75), on the 
basis of analyses of bridges using girders having no eccentricity, showed that the 
flexural stiffness of the slab and the flexural stiffness of the girders need not be con-
sidered as two separate parameters. They can be combined to form a new, very con .. 
venient dimensionless stiffness parameter. Newmark defined the parameter H as the 
ratio of the longitudinal bending stiffness of an isolated girder, to the transverse bend-
ing stiffness of a width of slab equal to the span of the bridge: 
H= ( 2.6) 
Because D is the flexural stiffness of the slab per unit width, it is necessary to multiply 
D by some width in order to make H dimensionless. The span, a, serves this purpose. 
It should not be interpreted that a is the width of the slab effective in the transverse 
direction. H is simply a convenient dimensionless stiffness parameter. A large H-
value Hleans that the bridge has veri large, stiff girders. 
A minor modification is necessary to apply H in this study. The moment of iner-
tia of the supporting girders Igx should be replaced by the composite T .. section 
moment of inertia les. The modified H used in the present study is then: 
( 2.7) 
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In making this modification, the accuracy of the H-value depends now on the accuracy 
of the approximation for the effective flange width. In Section 4.3 the consistency of 
girder bending moment results is tested for bridges which have the same H-value, but 
in which the variables determining H are different. 
There are further uncertainties regarding the real value of H. What are the real 
values of Es and Eg? How much does the effect of slab cracking influence the average 
flexural stiffness of the slab? Fortunately, as shown in Section 4.8.2.1, the girder 
bending moments are not particularly sensitive to moderate variations in H, especially 
for large values of H. 
A study of bridge design manuals shows that the H-value of practical bridges nor .. 
mally falls between H == 5 and H == 30. In multi-span bridges, the girder depth is 
chosen to satisfy requirements for the longest span. For aesthetic reasons, the same 
girder is normally also used for the shorter spans. The shorter spans thus have large 
H-values. The values of H used in this study are: H == 5, 10, 20 and 30. A smaller 
increment in H is used after H == 5, because a variation in H in that range has a more 
pronounced effect on the behaviour of the bridge. 
In the analyses, the properties of actual standard prestressed concrete girders 
which are used in practice (89) are used. The properties of the particular girder used 
for each value of H are listed in Table 2.l. 
It should be noted that the H .. value is based on the flexural composite stiffness of 
an ~'nterior girder. The H-value of the exterior girder which has a smaller flange width 
is different. However, where exterior girder bending moments and deflections 
reported in this study are related to an H-value, H always corresponds to the value for 
an inter£or girder. 
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2 .. 3 .. 5.. Parameters Defining the Structural Loading Conditions 
2 .. 3 .. 5 .. 1.. Live Load 
In this study the emphasis is on the distribution of truck loads among the girders 
In the bridge. The HS20-44 standard truck considered is a tractor truck with semi-
trailer· and is in accordance with the AASHTO Standard Specifications for Highway 
Bridges (5). It represents a large number and variety of actual truck types and loadings 
to which the bridge might be subjected under actual traffic conditions. 
Figure 2.3 shows the locations of the wheel loads and the transverse location of 
one truck relative to another. The loading produced by one truck consists of three 
axle loads with the axles spaced 14 feet apart. Each axle transfers two point loads to 
the bridge deck. The centre to centre distance between the centroids of wheels on 
each side of an axle is six feet. 
Each truck occupies the central portion of a ten-foot wide load lane, one truck 
per lane. These ten-foot load lanes can be placed anywhere in the entire roadway 
width of the bridge, which is the clear distance between the faces of the two curbs, to 
produce maximum moments in whichever girder is considered. This means that no 
load can act closer than two feet from the face of a curb or edge girder, which is a 
much desired condition as discussed in Section 2.2. As shown in Fig. 2.3 it also 
means that the minimum transverse distance between the wheel centroids of two 
trucks in adjacent loading lanes is four feet. 
The AASHTO specifications make provision for the length of the semi-trailer to 
vary such that the rear axle spacing is between 14 and 30 feet. Because simply sup-
ported bridges are dealt with, the 14-foot axle spacing is used to obtain maximum 
girder bending moments in the bridge. 
Girder bending moment influence lines across the width of the bridge, many of 
which are reported in previous research, clearly indicate that the transverse truck 
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spacing should be as sman as possible in order to obtain the maximum moment in 
anyone of the girders. Therefore, only the four-foot minimum distance between adja-
cent truck wheel centroids is used in the analyses. 
Two of the three axles of an HS20 .. 44 standard truck carry the same load. The 
front axle carries only one quarter of the load carried by each of the other two axles. 
The truck loading parameter P is defined as half the load acting on one of the heavy 
axles of a truck. The total weight of a truck is thus 4.5 P. The value of P should be 
increased according to the AASHTO provision for Impact. The trucks in adjacent 
loading lanes may travel in the same or in opposite directions, whichever case pro .. 
duces the maximum required effect. 
If three or four of the traffic lanes on a bridge are occupied simultaneously, it 
may result in gird-er bending moments which are larger than the corresponding 
moments obtained if only two traffic lanes are loaded. However, it is unlikely that 
three or more lanes will be occupied in such a way that all trucks are producing their 
maximum contribution to the moment in the particular girder under consideration. It 
is also very unlikely to have all of these trucks loaded to their maximum capacity. 
These considerations are recognized in provision 1.2.9 of the AASHTO specifications 
which allow for a reduction in girder design moments obtained from loading condi-
tions in which three or more traffic lanes are loaded. 
Both Badaruddin (8) and Sithichaikasem (112) found that if the girder moments 
obtained from load cases in which three or more traffic lanes are loaded are multiplied 
by their appropriate reduction factors, it always results in design moments smaner 
than those obtained from load cases with two lane loading. Therefore, only two traffic 
lanes are loaded in this study. 
As discussed in Section 4.4, skew bridges behave the same as right bridges with 
respect to this phenomenon. This means that two-lane loading also controls in skew 
bridges. 
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The two other types of vehicle loading specified in the AASHTO specifications 
are not of importance for the range of spans considered in this study. They are 1) 
lane loading which represents an approximation of a truck train which normally 
governs for spans longer than 147 ft and 2) a two-axle military loading with axles 
spaced at 4 ft which tends to control in bridges with spans shorter than 37 ft. 
2 .. 3 .. 5.2 .. Dead 
Two types of dead load are also considered. The loading parameter c presents a 
line load of intensity c caused by the weight of a curb and parapet. It is assumed that 
these line loads act on top of the edge girders. 
The second type of dead load considered is defined by the loading parameter w, 
which is a uniformly distributed load of intensity w applied to the total deck area 
between the faces of the curbs. This load simulates the additional dead load which 
occurs when the roadway is resurfaced. 
1. The girder spacing b: 
The girder spacing values used are b = 6, 6.75, 7.5, 8.25 and 9 ft. When b 
increases, the design bending moments in the girders increase, because the deck 
area carried by each girder becomes larger and more wheel loads can be applied to 
the larger area. 
2. The geometric ratio bja: 
The bja values used are such that the span, a, is 40, 60 and 80 ft for each b-value 
used. An increase in the value of b ja corresponds to a decrease in the ability of 
the slab to distribute the loads. 
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3. The bridge stiffness ratio H: 
The stiffness ratios used are H = 5, 10, 20 and 30. If H is very large, it means 
that the slab is relatively very flexible. A girder which carries a point load will 
deflect under the load while the other girders deflect a negligible amount, because 
the slab is too flexible to transfer large loads to them. This means that the loaded 
girder has -to carry nearly all the load by itself. Thus, the larger the value of H, the 
larger are the girder bending moments that occur. It is explained in Section 4.8.2.1 
that this is in most cases not true of the edge girders when the bridge is subjected 
to truck 10 ads. 
The effects of the parameters on the structural behaviour are discussed in detail 
in Chapter 4. 
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CHAPIER3 
MEIHOD OF STRUCIURAL ANALYSIS 
3 .. 1.. General 
It is important to realize that the correctness of the results obtained from a 
specific mathematical model depends on the underlying assumptions and 
simplifications which are made to formulate the model. Recent development in the 
finite element method of analysis makes it possible to model a bridge in a more realis-
tic manner than heretofore possible. The girders can be modelled as eccentric 
stiff eners so that shear lag in the slab and composite action are properly taken into 
account. In such a model it is no longer necessary to estimate an effective flange width 
and to compute the modified flexural stiffness of the composite girders. Of all the 
methods of analysis available the finite element method is the most powerful, versatile 
and flexible. 
3 .. 2.. Finite Element Method 
This method of analysis is so commonly and widely used today that even a brief 
description of the basic principles on which it is based is superfluous. A description of 
the method is found in Refs. 19 and 124. 
Using the ordinary widely-used finite elements which have Hermitian shape func-
tions for vertical deflections and linear shape functions for axial deflections to model a 
composite plate structure with eccentric beams causes a compatibility error which 
affects the accuracy of the solution. This error was pointed out and discussed by 
Mehrain (63), Gupta (35), Balmer (9) and Miller (65), and Chu and Schnobrich (17). 
Linear constraint equations, which might be thought of as representing rigid 
links, can be used to couple the nodal degrees of freedom of the eccentric beam ele-
ment to the nodal degrees of freedom of the shell element. The nodal displacements 
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of the beam are now dictated by those of the shell element to which it is attached. 
The compatibility error occurs because the axial and bending deformations of the 
composite assembly are now coupled but have different assumed variations. 
Figure 3.1a shows two four-node shell elements and a standard two-node beam 
element connected to form the eccentric assembly. The displacements u, v, wand 
rotations Ox and Oy of the beam and shell element are defined in Fig. 3.1a. Figure 3.2 
shows a side view of the eccentric assembly. To simplify the discussion it is assumed 
that the beam has no torsional stiffness or weak-axis bending stiffness. 
The shell and beam element both have Hermitian cubic shape functions for verti-
cal deflection w and linear shape functions for axial displacement u. The w-
displacements of the beam and shell at any section abcd (Fig. 3.2a) are completely 
compatible because- they have the same w shape functions and because there are no 
deformations in the z direction. The vertical distance between the midsurface of the 
shell elements and the centroid of the beam element is the eccentricity e. The Kir-
chhoff assumption: a line normal to the midsurface (centroid) of a beam or plate 
remains normal to the deformed midsurface, implies that the u-displacement at the 
centroid of the beam at any section abcd equals the u-displacement at the midsurface 
of the plate plus the eccentricity e times the rotation of the plate midsurface at that 
section. This is indicated in Fig. 3.2b. Because the rotation of the midsurface of the 
plate varies quadratically between E and F (w is cubic in x; slope = dwjdx) it implies 
that the u-displacement at the centroid of the beam also varies quadratically between 
G and H. But, the axial stiffness of a standard beam element is derived by using a 
linear shape function for the u-displacement. Therefore, an incompatibility is 
apparent. This incompatibility manifests itself in the form of shear slip at the beam .. 
slab interface as shown in Fig. 3.2a~ 
It is not difficult to see this compatibility error in an intuitive way. The moment 
the composite T-section girder varies linearly along the member because w is cubic 
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in x and M = Elcomposited2w jdx2• The stress (J' x at the centroid of the stiffener and at 
the midsurface of the plate can be calculated from: (J' x = Mzjlcomposite. Thus the 
axial stress there also varies linearly across the plate and stiffener. But (J' x = E( dujdx) 
which is constant over the element. Thus the u shape functions should be quadratic in 
x for (J' x to vary linearly along the beam and shell elements. 
Miller (65) and Mehrain (63) solved this problem by USIng exactly the same 
beam and shell elements, but included an additional u-displacement degree of free-
dom at the centre of the shell and beam element to provide quadratic u .. displacement 
shape functions. Fig. 3.1 b shows the additional nodes and degrees of freedom which 
they used. Ghu and Schnobrich (17) used a similar approach. 
Using a standard beam element as an eccentric stiffener gives overflexible results 
as the consequence of the incompatibility in the axial displacement field of the beam. 
This is shown in Fig. 3.17 and discussed in Section 3.6.1. This compatibility problem 
does not arise when separate sets of shape functions are used for deflections and rota .. 
tions. This approach is taken in the present study. 
Elements Used in this Study 
The formulation of the finite elements used in this study is based on the Mindlin 
theory in which the average shear deformations are automatically taken into account, 
even if their influence is negligible. 
Three .. dimensional elements are satisfactorily specialized to produce two-
dimensional thin shell elements by using explicit integration through the thickness of 
the slab and by assuming: 
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1. Lines originally normal to the midsurface of the shell remain straight after defor-
mation. 
2. All points on a line originally normal to the midsurface have the same vertical dis-
placement w. Thus a normal line is inextensible during deformation. 
Although the normals to the midsurface are assumed to remain straight after 
deformation, they do not have to stay normal to the deformed midsurface. Thus this 
model provides the means for taking the average shear deformation into account. 
This formulation was originally introduced by Ahmad (3). 
Figure 3.3 shows the typical thin shell element resulting from the original three-
dimensional problem. Each node has six degrees of freedom-three displacements: u, 
v, w; and three rotations: Ox, Oy, Oz. Displacements and rotations are interpolated from 
nodal degrees of freedom using separate quadratic Lagrangian shape functions. The 
element has no stiffness associated with the Oz rotational degrees of freedom. The 
moments, shear and membrane forces which provide static equilibrium in a shell are 
also indicated in Fig. 3.3. 
The reduced integration technique (Ref. 19, p. 263) is used to compute all terms 
In the stiffness matrix of the element to avoid excessive stiffness associated with 
ment. A disadvantage of using reduced integration is that it can produce some zero 
energy modes. However, it is possible to prevent all of these modes if two adjacent 
nodal values of the same type are constrained in at least one element. 
In the bridge analyses it is found that some 'soft modes' occur. The correct boun .. 
dary conditions at the skew supports are not sufficient to prevent these soft modes. 
In-plane v .. displacemen t (transverse) and Ox and Oy oscillations occur. The v .. 
displacement oscillation is prevented by using the following technique. Two ro,vs of 
additional shell elements with a very small stiffness are overlaid on top of the two 
rows of shell elements at the two support edges. The stiffnesses of these additional 
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elements are calculated using full integration. They can thus not deform into the both .. 
ersome zero energy modes and, therefore, suppress these soft modes in the whole 
bridge slab. This technique was used by Milford (64). 
It is not possible to get ri~ of the Ox and Oy oscillations using this technique. 
Belytschko (11) shows in a recent paper how this element can be modified to avoid all 
of these soft modes. Because the present analyses compare well with other exact solu-
tions, it is believed that these oscillations are not important. Thus a Belytschko type 
modification is not used in this study. 
The element used to model the bridge slab is a nine-node Lagrangian-type iso-
parametric thin shell element called QLSHELL. Details of the development of the ele-
ment can be found in Ref. 64. Additional information concerning this type of ele-
ment can also be found in Refs. 1 and 12. 
3 .. 3"2,, Eccentric Isoparametric Beam Element 
Jirousek (42) introduced an eccentric isoparametric beam element which exhibits 
the required displacement compatibility with Ahmad's (3) isoparametric thin shell ele-
ment. This eccentric beam element is suitable to stiffen the shell element. The for-
mulation is based on the Timoshenko beam theory which takes into account both an 
average shear deformation and the shear centre location. The stiffener has no thick-
ness, that is, the interaction between the stiffener and shell occurs along a line. In a 
real shell-to-beam connection the beam resists transverse curvature in the shell seg-
ment which is in contact with the beam. This effect is lost with the above assumption. 
The formulation of the stiffness matrix for this eccentric beam element is based 
on quadratic Lagrangian displacement shape functions. Displacements and rotations in 
the element are interpolated from the nodal degrees of freedom using separate sets of 
shape functions for displacements and rotations. Rigid links connect the nodal 
degrees of freedom of the beam to those of the shell element. Thus the 
42 
displacements in the beam element are dictated by those in the shell. These links are 
always connected to the three nodes on the contact boundary between two shell ele-
ments. Figure 3.4 shows an eccentric assembly consisting of two shell elements with 
one beam element underneath. The nodal degrees of freedom and forces acting on 
the beam element are also indicated. The beam resists strong- and weak-axis bending, 
strong- and weak-axis shear deformations, St. Venan t torsion and axial force resulting 
from the composite action. Reduced integration is used to compute all terms in the 
stiffness matrix of this element. 
The effect of restraint of warping on torsion is not taken into account. It has been 
pointed out by various researchers (8, 68, 112) that in bridges which are not curved 
this torsion plays an insignificant role. 
There is one incompatibility in this eccentric assembly which is unavoidable. Fig .. 
ure 3.5a shows a plan view of two shell elements connected to one eccentric beam ele-
ment placed under them. To simplify the figure the following is assumed: 
1. The u, w, 8x and 8y displacements at all nodes in the two shell elements are zero. 
2. All nodal v-displacements in the two shell elements are zero except for the one 
node at the middle of the contact boundary between the two shell elements as 
indicated in Fig. 3.5a. 
3. To simplify the discussion it is assumed that the centre of gravity and the shear 
centre of the beam coincide. 
Because the nodal displacements of the beam element are dictated by the nodal 
displacemen ts of the shell (as a result of the rigid links) the deformed cen troidal axis 
of the beam stays directly underneath the deformed boundary between the two shell 
elements. The indicated v .. displacement is the same then in the beam below, because 
Ox = O. The v-displacement gives rise to weak-axis bending in the beam which causes 
Oz rotations in the beam. Note that it is only differential v-displacements between the 
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three beam nodes which can cause weak-axis bending with resulting {} z rotations in the 
beam. 
These {}z rotations are transferred back to the shell through the rigid links. How-
ever, the shell elements have no stiffness associated with {}z rotations meaning that 
the shell is not aware of these Oz rotations. Thus no strains are caused in the shell 
elements due toOz rotations. The in-plane deformations in the shell which should 
occur as the consequence of Oz rotations are also shown in Fig. 3.5a. Unlike the aver-
age bending shear strains in the shell which couple Ox and {}y with the w degrees of 
freedom, the shell in-plane shear strains depend only on the u and v degrees of free-
dom. The {}z degrees of freedom are uncoupled. 
The Ox nodal rotations in the shell which result from bending moments in the 
shell are shown in Fig. 3.5b. These rotations give rise to torsion in the beam, but also 
cause differential v displacements at the beam centroid. The magnitude of these v-
displacements at the beam nodes is e times Ox, where e is the eccentricity between the 
beam centroid and the midsurface of the shell. Again, these displacements cause Oz 
rotations in the beam. 
Fortunately, this incompatibility is not important in a slab-and-girder bridge. 
There are no large in-plane shears and associated planar bending in the transverse 
direction of the bridge slab which may cause significant differential v displacements. 
The total torsional resistance which the beam can offer consists of two parts: the tor-
sional stiffness of the beam plus the weak-axis bending stiffness which acts with a 
lever arm e, It is in this weak-axis bending resulting from torsion and other 
diff eren tial v-displacements where the compatibility error occurs. 
Analyses on two practical skew bridges with prestressed concrete girders show 
that the effect of weak-axis bending stiffness on the distribution of truck loads to the 
girders is less than 0.2%. This makes the compatibility error even more acceptable. 
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Note that the major behaviour of the eccentric assembly, which is composite 
strong-axis bending, is modelled correctly. There is no shear slip at a beam-shell inter-
face or incompatibility in the displacement fields. The eccentric isoparametric beam 
element is called QLBEAM . 
.............. !IUL"""', ................. of Finite Elements Used 
Accidental errQrs in the results of a structural analysis are often brought to light 
when these results are interpreted with good engineering judgement. It is dangerous 
to use computer output blindly, but when the structure being analysed is very com-
plex, the engineer is often forced to rely on these results. Therefore, it is very impor-
tant to know if the finite elements used to model the structure can provide the correct 
solution for the typ~s of loads that can be present. 
It is difficult to determine the influence of element skew distortion on the 
behaviour of shell elements which model a skew bridge slab by testing those elements 
in the bridge structure itself, because no exact solutions exist with which results can 
be compared. 
When the shape of a rectangular element is changed to become a parallelogram 
element, it has decreased ability to assume deformation patterns contained in its 
assumed displacement· fields. This may cause a degradation in element behaviour, 
specifically for large angles of skew. The detrimental elI ect of skew distortion on the 
evaluation of the Jacobian compounds the effect of large aspect ratios in rectangular 
elements. This ill conditioning can lead to large numerical errors. It is therefore 
necessary to perform quality tests on the element by using it in less complicated struc-
tures for which other sources of solution are known. 
The behaviour of the element itself depends on the element aspect ratio, other 
shape distortions like the skew mentioned above and the complexity of the true 
deflected shape which it has to approximate. The complexity of the true deflected 
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shape depends on the boundary conditions of the structure and on the type of loading 
applied. However, because the finite ele.ment method is based on a piecewise approxi .. 
mation of the true deflected shape, with mesh refinement a single element only has to 
deform into a rather smooth shape. Therefore, the response of a single element in a 
fine mesh does not depend greatly on details of the loads or of the structure in which 
it is used. If a distorted element in a fine mesh has the ability to provide correct 
results, then it should also provide correct results in another structure with a fine 
mesh and elements with the same aspect ratio -and skew distortion independent of the 
type of loading. 
The response of the eccentric beam stiffeners depends only on the displacements 
received through the three rigid links attaching it to the slab, thus skew in the slab has 
no influence on their behaviour. 
The QLSHELL finite elements which model the bridge slab resist bending as well 
as in-plane membrane forces as the consequence of composite action with the eccen .. 
tric girders. In the two sections which follow, the bending and membrane behaviour 
of the QLSHELL elements which model the skew bridge slab are determined by using 
them in other structures for which solutions are known. 
3 .. 4 .. 1 .. 
The bridge slab is modelled with nine .. node Lagrangian shell elements called 
QLSHELL. In order to study the bending behaviour of this element when skew is 
introduced, a simply supported rhombic plate subjected to a uniformly distributed nor .. 
mal load is analysed. The angle of skew and element mesh layout are varied. The 
results are compared with those obtained by Morley (67). He solved the problem by 
choosing the displacement function as an infinite series of eigenfunctions of the bihar .. 
monic equation in polar coordinates. 
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Figures 3.6 through 3.8 show the deflection, and maximum and minimum princi-
pal moments at the centre of the plate as a percentage of Morley's solution. The 
Linear Damping Function (LDF) finite element solutions as obtained by Mehrain 
(63) are also indicated. The full plate is subdivided into equal sized rhombic finite 
elements with N = 4, 8, 12, and 16 referring to the number of these subdivisions in 
each direction." The element aspect ratio is one. Poisson's ratio is taken as 0.3. 
From Fig. 3.6, the following four important conclusions are drawn: 
1. For the angle of skew a = 0 degrees the converged deflection, that is, the 
deflection obtained from N = 16, is approximately 1.4% too large. Morley's solu-
tion for the case where the angle of skew is zero degrees is correct and is the same 
as the exact solution given by Timoshenko (116). However, those solutions do not 
take shear deformations into account. Although shear deformations which are 
included in the formulation of the QLSHELL element contribute a little to this 
1.4% excess in displacement, the 1.4% additional displacement is due mainly to the 
reduced integration technique used in calculating the stiffness matrix of the ele-
ment. 
2. The accuracy of the solution decreases as the angle of skew increases. A similar 
observation was made by Morley in the form of slower convergence in his series 
solution. The accuracy decreases rapidly for angles of skew more than 40 degrees. 
For example, an examination of Fig. 3.6 reveals that for N = 8, at 45 degrees 
skew, the error relative to the converged result (N = 16) is 2.5 times the error 
relative to the converged result (N = 16) at 40 degrees skew. At 60 degrees the 
error is eight times the error at 40 degrees. 
3. Even when the angle of skew is 60 degrees, which means a very large distortion 
from the original rectangular shape of the element, the behaviour of the element is 
not changed in such a way that it converges to a wrong result. With mesh 
refinement, the solution for a = 60 degrees win converge to one having 
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approximately the same error (relative to Morley's) as the solution for the case 
when Ot = o. 
4. The QLSHELL element used in this study converges considerably faster than 
Mehrain's LDF element. The 4x4 mesh (N = 4) with QLSHELL elements has 
the same number of equations to be solved as the 8x8 mesh of LDF elements. 
However, at 60 degrees skew the error is 6.2%, whereas, the error of the N = 8 
LDF element is as large as 27.8%. Static condensation can be used to eliminate 
the centre (ninth) node in the QLSHELL element. The condensed element then 
has the same number of degrees of freedom and the same band width as the LDF 
element, so that the computational cost will be the same for the two elements. 
Bearing this in mind, we may compare the two N = 4 solutions on a fair computa .. 
tional cost basis. The superiority of the QLSHELL condensed element is then 
even more pronounced. 
The fact that the converged deflection stays consistently about 1.55% too large 
over the whole range of skew investigated, indicates that the QLSHELL element can 
be used with confidence to model plates in bending with skew ranging from 0 to 60 
degrees. Although the accuracy decreases with increasing skew, sufficient accuracy 
can be maintained by refining the mesh. How much refinement is necessary must be 
determined by doing a convergence study on the real bridge structure. This is done in 
the Section 3.5. 
Studies made on the same rhombic plate USIng a point load showed similar 
behaviour. As mentioned before, with a fine mesh the ability of an element to provide 
correct results does not depend on the type of loading. 
Figures 3.7 and 3.8 show that for the QLSHELL element the error in the max-
imum and minimum principal moments at the centre of the plate is greater than the 
error in the deflections when the angle of skew is more than 40 degrees. Even though 
the central deflection for 0' = 0 degrees converges to a value 1.4% too large, the 
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moments converge very closely to the exact value found by Timoshenko (116). The 
QLSHELL element gives good stress results over a wide range of skew, even for a 
coarse mesh. This can not be said of the LDF element, therefore, the QLSHELL ele-
ment is superior to the LDF element. A test done shows that the QLSHELL element 
behaves much better than a similar eight-node serendipity shell element when skew 
distortion is introduced. 
3 .. 4 .. 2.. Plane Stress Behaviour 
For the smaller standard precast I .. beam sections, up to 70% of the composite 
bending stiffness of a girder and the contributory width of the slab results from the 
couple formed by the axial force in the slab and the eccentricity between the slab mid-
surface and girder .centroid. Therefore, in-plane resistance and shear lag in a bridge 
slab have an important influence on the stresses in the girders. 
In order to study the in-plane membrane behaviour of the nine-node Lagrangian 
shell element (QLSHELL) the deep cantilever beam in Fig. 3.9 is analysed. It has a 
length to depth ratio of four and is loaded with a parabolically varying end shear. The 
u- and v-displacements of all the element nodes at the fixed-end boundary are con-
strained. The different finite element meshes used are shown in Fig. 3.9. 
The elasticity solution coincides with beam theory for this problem, except in the 
proximity of the built-in end where the full clamping condition constitutes a mixed 
problem of elasticity for which no closed form solution exists. The theoretical end 
deflection w, taken from Ref. 28 is: 
w = PL
3 (4 + 514) PEL = 0.3558 in. 
3EI + 2 t (3.1 ) 
It is exact if the root is free to warp with the points B, C, and D in Fig. 3.9 fixed. The 
theoretical vertical deflection w is thus an upper bound for the true deflection. 
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The results for the vertical end deflection at point A and the horizontal stress at 
point E are compared in Table 3.1 for the case where 0: = O. The solutions obtained 
by using the Linear-Linear Strain Parallelogram element (LLSP) of Mehrain (63) are 
also indicated. 
The difference between the exact and the converged displacement and stress 
results are less than 0.06%. The QLSHELL element provides the best results. The 
conclusion is that the QLSHELL element can model in-plane behaviour correctly, 
even for a coarse mesh. The accuracy of the element must be checked when skew is 
introduced. 
Because of the lack of exact or other theoretical solutions, the influence of skew 
on the convergence is determined by comparing end deflections with the results 
obtained from the most refined mesh. Table 3.2 gives the vertical deflection at point 
A which is shown in Fig. 3.9, for 0: = 0, 30, 40 and 60 degrees. In Fig. 3.10 the vert-
ical deflection at point A is expressed in terms of the deflection obtained from the 
most refined mesh. The abscissa represents a measure of the number of equations to 
be solved. For fully compatible finite element systems, the deflections increase as the 
mesh is refined, provided that fun integration is used in calculating the element 
stiffness matrix and the coarser mesh is always contained as part of the finer mesh. In 
the present case these requirements are not met and hence the results showing 
smaller deflections for Mesh 4 than for Mesh 3 are not inconsistent. 
Behaviour similar to the previous bending behaviour is observed. The accuracy 
of the solution drops rapidly for 0: > 40 degrees, especially when 0: > 50 degrees. 
Table 3.1 shows that when 0: = 0 degrees, very good in .. plane displacements and 
stresses resulted. Therefore, bearing in mind that the in-plane behaviour shows simi-
lar characteristics as the bending behaviour, it is reasonable to assume that with 
sufficient mesh refinement the 'correct' result will be approached for cases where 
0: =/:- O. 
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The worst aspect ratio (= side ratio) of the elements considered is 1.78. How-
ever, a test done on a rectangular cantilever beam with only one element and a para-
bolically varying shear force at the free end, shows that for an element aspect ratio of 
15, the stress errors at the Gauss points are less than 0.001 %. 
The above element behaviour tests show that the nine-node Lagrangian shell ele-
ment is capable of yielding highly satisfactory results in bending and in in-plane action 
under the skew conditions investigated. A major reason for the choice of a nine-node 
Lagrangian element rather than an eight-node serendipity element is its superior 
characteristics in distorted shape. The behaviour of the eight-node serendipity element 
is not presented in this study. 
3 .. 5.. Finite Eleme:Qt Mesh Choice: Convergence Study on a 'JYpieal Bridge 
The element behaviour tests in the previous section show that the nine-node 
Lagrangian shell element (QLSHELL) behaves well when it is distorted into a paral-
lelogram, even when Q( = 60 degrees. The larger the angle of skew, the more the 
mesh has to be refined to ensure that the' correct' solution is approached. 
In this section, a typical bridge subjected to a point load of 2000 lb is analysed 
USIng different finite element models. The purpose is to determine how much the 
mesh must be refined to yield the converged 'correct' solution. Because of their 
importance the deflections, moments and axial forces in the girders near midspan are 
chosen as bases for this comparison. For monotonic convergence, the smaller the 
differences between the results from a certain mesh and a more refined mesh, the 
closer the approximation to the final converged 'correct' solution. This concept is 
used to determine when the results are close enough to the 'correct' solution. 
Figure 3.11 shows the plan view, cross section, properties and reference points of 
the bridge. The bridge is simply supported an along the two support edges (not only 
pinned at the girder ends). The girder properties are approximately those of an 
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Illinois Type-36 standard precast I-beam. It is assumed that the girder centroid and the 
shear centre coincide. The width of the girders is not taken into account. The 
diff eren t finite element models used are shown in Fig. 3.12. 
Instead of a skew network, it is also possible to use rectangular elements in the 
central area of the slab together with triangular elements to fit the skew boundaries at 
the support edges. However, this kind of mesh is not suitable for a parametric study 
because the whole mesh has to change each time the geometry of the bridge changes. 
The more complicated the true deflected shape of a structure, the more finite ele-
ments must be used to approximate this shape correctly. Because the deflected shape 
in the span direction is always a fairly smooth curve (no inflection-points or sharp 
changes in slope), 14 elements in the span direction are chosen as a start-off point. 
Wheel loads act in nearly all cases somewhere between the structural nodes of the 
shell elements which model the bridge slab. A point load on a shell element can not 
be applied directly to the element, but is transformed to work-equivalent forces which 
act at the nodes of the particular element. This causes a difference between the actual 
load and the loading applied to the finite element model. A point load is thus distri-
buted over the length (and width) of the element. the span of the bridge is large 
and only a few elements are used in the span direction, a point load is distributed over 
quite a long distance. To minimize this effect, more elements must be used in the 
span direction. Tests done on a simply supported beam with 14 elements and point 
loads between the nodes showed that bending moments can be interpolated from the 
Gauss-points with errors less than 1.2%. Since wheel loads are not really concentrated 
loads, the true error is less. 
This error should be even less in a slab-and .. girder bridge for the wheel loads act, 
in most cases, on the slab and not directly on top of the girders. By the time that the 
load reaches the girders, it is distributed by the slab over some length of the girder. 
Whether the applied load is a true point load or a distributed load should not have a 
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large influence. 
The procedure used to study the convergence of results involves keeping the 
number of elements in the span direction constant at 14 and increasing the number of 
elements between girders from two until convergence is achieved. The number of 
elements between girders necessary to give a solution close enough to the converged 
'correct' solution is now kept constant and the number of elements in the span direc-
tion is varied until the results converge again. 
The girder vertical deflection, bending moment and axial force results are 
presented in Tables 3.3 through 3.5 for the case where Q' = O. The girder forces tabu-
lated are those at the element Gauss-point just to the left of the reference point. For 
the bridge in Fig. 3.11 the location is 10.778 inches left of the reference point. Stress 
smoothing is not necessary since no significant oscillation occurs. The percentage 
difference between the results from the different meshes are also indicated. The 
results obtained from the most refined mesh, Mesh 3, are used as bases for the per-
centage difference comparison. In Tables 3.6 through 3.8 similar results are presented 
for the case where the angle of skew is 60 degrees. 
Note that the bending moments Mg and axial forces Ng tabulated are those acting 
on the supporting girders and not on the composite T-section girders. 
A summary of the maximum percentage change in results is presented in Table 
3.9. The percentage change becomes larger for a skew bridge. This trend is similar to 
the previous slower convergence observed in the tests on element behaviour. An 
investigation of the tables reveals that the difference between results of Mesh 3 and 
Mesh 1 is too large for Mesh 1 to be close to the converged' correct' solution. How-
ever, the results of Mesh 2 are very close to those of Mesh 3 which has two times as 
many elements. This shows that both Mesh 3 and Mesh 2 give solutions close to the 
converged' correct' one. 
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In Table 3,9 the values in brackets are the more realistic maximum percentage 
change values. For instance, the maximum difference of 3.4% in bending moment 
comes from the bending moment at F, as a result of the load at A. The bending 
moment at F is of no great importance since F is close to the support and the design 
will be governed by the much larger moment near midspan. Note that the percentage 
change in the influence of the load at F on the bending moment near A, which is of 
more importance, is less than 0.1 %. 
When the bridge is loaded with trucks these maxImum percentage differences 
between the most refined mesh and the coarser meshes do not represent the over-all 
relative error that will occur using one of the coarser meshes. For example, the 1.6% 
bending moment error in Table 3.9 comes from the bending moment at D, as a result 
of the load at K. With equal loads at K and D, the influence of the K-Ioad on the 
total bending moment at D is only about 22.2%. Thus, the global difference in the 
total moment at D is only (22.2 x 1.6) = 0.4%, which is very small. 
The conclusion drawn from Tables 3.3 through 3.9 is that four elements between 
girders is enough to ensure sufficient stress accuracy in the girders for the particular 
structural geometry and properties considered. It remains now to check if the original 
choice of 14 elements in the span direction is good enough. 
To accomplish this, the finite element models: Mesh 2, Mesh 4 and Mesh 5 
shown in Fig. 3.12 are used. Because the worst convergence is observed when the 
bridge is skew, only the case when at = 60 degrees is studied. The number of ele-
ments between girders is now kept constant at four-the optimal number previously 
determined. The results are presented in Tables 3.10 through 3.12. For Mesh 4 and 
Mesh 5 the tabulated girder forces at a location 10.778 inches left of the reference 
points are calculated using quadratic interpolation from the values at the Gauss-points. 
No stress smoothing is necessary because no significant oscillation occurs in the 
results. A summary of the maximum percentage change in results between the 
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different meshes is given in Table 3.13. The most refined mesh, Mesh 5, IS used as 
bases for the comparison. 
The difference between results of Mesh 4 and Mesh 5 is too large for Mesh 4 to 
be close to the converged' correct' solution. However, the results of Mesh 2 are very 
close to those of Mesh 5 which has two times as many elements. This shows that 
both Mesh 2 and Mesh 5 are close to the converged' correct' solution. 
In a bridge with a short span and a large angle of skew as shown in Fig. 3.13, 
there is a tendency for the slab to span in the shortest possible direction. The 
moments in the shell elements and the influence of skew on the QLSHELL element 
behaviour is then even more important. It is believed that the bridge geometry used 
in this convergence study, span/width = lA, is such that it takes this detrimental 
effect into account. 
Two questions remain to be answered before a final choice can be made regarding 
the mesh to use in this study. The first question to answer concerns the bridge pro-
perties.What happens to the accuracy of the solution when the ratio of the stiffness of 
the girders to the stiffness of the slab changes? The properties of the typical bridge in 
Fig. 3.11 on which the previous work is based corresponds to a small stiffness ratio. 
The type of girders used is actually too small to carry AASHTO HS20 .. 44 truck loads 
for the particular span and girder spacing considered. 
In order to answer this question, the bridge in Fig. 3.11 is analysed again, but this 
time using the largest possible practical girders. The following beam properties are 
used which correspond approximately to those of an Illinois Type-54 standard precast 
beam: 
Istrong = 213715 iIJ 
Iweak = 15078 in4 
Jtorsion = 10647 in4 
Atension = 599 in2 
Ashear = 300 in 2 
e = 33.03 in 
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The composite girder stiffness of these new girders is 2.9 times the stiffness as used 
before. Because the forces in the girde.rs increase as their stiffness increases the point 
load is reduced from 2000 to 20 lb to limit the magnitude of the results which are 
tabulated. To ensure maximum errors the angle of skew is taken as 60 degrees. The 
calculated girder bending moments and axial forces for Mesh 2 and Mesh 5 are 
presented in Tables 3.14 and 3.15. Mesh 1 is not used because the the previous work 
shows that it is incapable of providing reliable results. 
The percentage difference comparison between the results for the two meshes 
indicates that relative large differences occur compared to the case when the bridge 
has the very fiexiblegirder properties as indicated in Fig. 3.11. This shows that for a 
fixed bridge geometry, as the girder stiffness increases, the accuracy of the solution 
deteriorates. However, the very large differences occur in comparatively small girder 
forces. The important differences are those for the forces in a girder directly below 
the point where the load is applied because the effect of a load is the largest at the 
point where it is applied. For instance, if the load is applied to the edge girder at 
midspan (point A) the edge girder midspan moments obtained from Mesh 2 and 
Mesh 5 differ only by 3.2%. A similar difference for the centre girder moment at 
midspan with the load at point C is 0.4%. 
A closer look at the percentage differences for both bending moments and axial 
forces indicates that the differences in results between the two meshes for forces in 
the edge girders (points A, F and E) are in most cases larger than for any other girder 
in the bridge. It also shows that the effects of loads located on an edge girder, on the 
forces in the interior girders, differ much more than the effects of loads which are not 
located on an edge girder, on the forces in the interior girders. This shows that what-
ever causes these large differences has a larger effect on the two edge panels (AB and 
DE) of the bridge than on the interior panels. 
56 
As mentioned before, the very stiff girders cause results with large differences in 
small numbers. To illustrate the insignificance of these large percentage differences, 
consider the bending moment in the edge girder at midspan (point A). To obtain a 
maximum moment at point A, a point load should be located at point A. From Mesh 
2 this gives a bending moment of 1144 in-Ib at A which differs 3.2% from the result 
obtained from the more refined Mesh 5. If a load is also applied to the other edge 
girder at midspan its contribution to the moment at point A is only .2030 in-lb. This 
.2030 value differs by 53.7% from the value obtained from Mesh 5. However, 
because the total moment at point A is now only 1144 + .2030 in-Ib the difference in 
results between meshes for the total moment at point A is still about 3.2%. The large 
53.7% difference is thus nothing to be concerned about. 
There are two .possible explanations why increasing the girder stiffness in a partic-
ular bridge harms the solution accuracy. The first possible explanation is that the slab 
acts like a continuous beam over flexible supports in the transverse direction of the 
bridge. If the slab is very stiff relative to the supports, that is, the supports (girders) 
are very flexible, then the slab curves gently with a smooth deflected shape. How .. 
ever, if the supports are very stiff relative to the slab, the deflected shape of the slab 
is much more complicated with larger changes in curvature and more inflection points. 
A more complicated deflected shape in the transverse direction of a bridge reqUIres 
more shell elements between the girders to approximate this shape correctly. Thus, if 
the stiffness of the girders in a bridge increases, the shell elements in the slab may not 
be able to accomodate the more complicated deflected shape of the bridge cross sec-
tion. This causes a reduction in the reliability of the results. 
The second possible explanation is that by increasing the girder stiffness the 
stiffness of the structure in the span direction may become much larger than the 
stiffness in the transverse direction. This may produce ill conditioning in the struc-
tural global stiffness matrix which give rise to errors during the equation solving 
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process. A HARRIS .. 800 computer is used for all calculations in this study. 
In order to investigate how many shell elements are necessary between this very 
stiff girders to approximate the true transverse direction deflected shape correctly, the 
bridge is analysed with four elements (Mesh 2), eight elements (Mesh 3) and also for 
a mesh with six elements between girders. The results show no significant difference 
in girders forces between any of these three meshes. This clearly indicates that four 
elements between girders are enough to approximate the transverse direction deflected 
shape correctly and that the errors are probably caused by numerical problems in the 
equation solving process. 
To see if the accuracy is improved by increasing the number of elements in the 
span direction when the bridge has very stiff girders a new mesh is used. The results 
for the 59.5 ft span bridge with the very stiff IL .. 54 girders are already known for 
Mesh 2 with 14 elements and for Mesh 5 with 28 elements in the span direction. The 
new mesh also has four elements between girders but has 20 elements in the span 
direction. 
Compared to Mesh 2, the new mesh uses three times as much computer time, 
but the differences in results compared to Mesh 5 do not reduce accordingly. For 
instance, the difference of 3.2% in bending moment at midspan of the edge girder 
with a load there, decreases only slightly to 3.1 %. Also, the 0.4% difference in bend-
ing moment for the central girder at midspan with a load there is reduced only to 
0.3%. 
The conclusion that can be drawn from the above analyses is that there is a limit 
to mesh refinement after which the increase in computational cost is not justified 
because it is not accompanied by more reliable results. It is important to keep in 
mind that this numerical problem exists for bridges with girders which are very stiff 
compared to the stiffness of the slab in the transverse direction. However, from the 
analyses above it seems that this effect on girder forces is only in the order of 3%. 
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The second question which remaIns to be answered before the final choice of 
mesh can be made relates to the geometry of the bridge. What happens to the accu-
racy if Mesh 2 is stretched out to accomodate a large span? The aspect ratio of the 
shell elements will then increase. A study of bridge design manuals shows that the 
smallest practical ratio of girder spacing to span is 0.04. For Mesh 2 this means an 
element aspect ratio of seven. 
In order to answer this question, the bridge is analysed again but this time for a 
span of 150 ft and a girder spacing of 6 ft. This gives a girder spacing to span ratio of 
0.04-the smallest ratio used in practice. For J\.1esh 2 this means an element aspect 
ratio of seven. The slab properties and overhangs remain the same as in Fig. 3.1l. 
The girders which are used for this span are PCI Type-6 standard beams. To ensure 
maximum errors the angle of skew is again taken as 60 degrees. The differences in 
results between Mesh 5 and Mesh 2 are about one third as large as the differences in 
the previous bridge with the stiff IL .. 54 girders and a span of 59.5 ft. 
The same bridge with a span of 150 ft and PCI Type-6 standard beams is analysed 
again with everything the same except that the girder spacing is reduced from six to 
four feet. This means that the element aspect ratio for Mesh 2 is increased further 
from seven to eleven. The results of this analysis show that the larger of the previous 
differences for the six feet girder spacing case becomes smaner now. This shows that 
the element aspect ratio is not the important issue. The decrease in the girder spacing 
from six feet to four feet increases the element aspect ratio but it also decreases the 
relative stiffness of the girders. 
the slab is increased. 
the girder spacing becomes smaller the stiffness of 
It is believed that the better results 0 btained for the larger aspect ratio case is 
caused by this decrease in the girder stiffness relative to the slab stiffness ,vhich 
reduces the ill conditioning in the structural stiffness matrix. 
59 
Reference Room 
BI06 NCEJL 
208 N. Romine 
J Illinois 61801 
The final choice of the finite element mesh which is used to study the distribution 
of wheel loads on simply supported, skew slab-and-girder bridges is based on this con-
vergence study_ Four shell elements are always used between the girders and 14 ele-
ments are always used in the span direction. 
The important design forces in a girder result from a load applied close to the 
point where the girder forces are considered. Because the differences in girder force 
results obtained from the two different meshes are small for such a point it is believed 
that the above mentioned mesh and the finite elements used in this study are capable 
of providing results which can be considered as correct for all practical purposes. 
As mentioned before, stresses in the girders are used as bases for this conver-
gence study. For the sake of completeness and to prevent losing track of how the slab 
itself responds, the slab results for two load cases of the bridge shown in Fig. 3.11 are 
plotted in Figs. 3.14 and 3.15. The slab axial forces in the span direction and the 
bending moments in the transverse direction are shown for load cases: load at C and 
load at H. The section across the bridge is 'parallel to the abutments and at a location 
10.778 inches to the left of midspan. The angle of skew is 60 degrees. Figure 3.14 
shows that there is no significant difference between the axial force results obtained 
from Mesh 2 and Mesh 3. This indicates that four elements between girders are 
sufficient to model the shear lag in the slab correctly. For clarity, only the values at 
the Gauss-points are plotted for Mesh 2. 
In Fig. 3.15 the only differences between the bending moment results obtained 
from Mesh 2 and Mesh 3 occur the regions with high stress gradients. The more 
refined }Aesh 3 can represent these sharp changes better. The difference betv/een 
results from Mesh 2 and Mesh 3 become smaller as the distance between the load and 
point considered increases. The bending solution will improve if the load is not 
applied at only one single node as it is in the majority of cases. The slab bending 
momen ts are not discussed in this study_ 
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Chmparisons with Previous Bridge Solutions 
In the previous sections the behaviour of the QLSHELL element which is used in 
this study is tested in a very distorted configuration: skewed and a large aspect ratio. 
A convergence study is also made on a typical bridge structure to determine the size 
of the finite element mesh which provides good results. So far no solution for a 
bridge has been compared with any existing solutions. 
Studies on skew slab-and-girder bridges with girders modelled as eccentric 
stiffeners are very limited in the literature. Gustafson (36), Mehrain (63), Powell 
(85, 86) and Perret (81) reported results. Sithichaikasem (112) and Wong (123) used 
eccentric stiffeners for right bridges, but forces acting directly on the stiffeners were 
not reported in their work. 
In this section· four example bridges are analysed and the results compared with 
previous solutions. 
Example Problem: BRIDG&l 
The plan view, cross section and member properties of this right bridge are 
shown in Fig. 3.16. The bridge is simply supported all along the support edges. AU 
figures for this example are taken from Ref. 63. Mehrain (63) chose the loading and 
geometry of this example problem such that large local stress gradients occur. The 
loading consists of a single point load and no transverse diaphragms are present. Con-
sidering the thickness of the slab the girder spacing is large. He also chose the slab 
such that the ratio of the total longitudinal flexural stiffness of the slab to the flexural 
stiffness of the three girders combined is 0.5. Normally this ratio is much less than 
0.15 in practical bridges. Except for the fact that the bridge is not skew the above 
mentioned geometry and structural configuration ensure the unfavourable conditions 
which may occur in a real bridge. 
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Figure 3.16 also shows one of the finite element meshes used. The symmetry of 
the structure and loading condition make it possible to model only one quarter of the 
structure. The quarter panel is divided into a 6x6, 4x4, 2x2, or 1x1 finite element 
mesh. (N = 6; N = 4; N = 2 ; N = 1) 
Figure 3.17 shows the deflection under the load. Mehrain used various types of 
finite ·elements to model the bridge. He also in~icated the solution obtained using a 
program developed by Scordelis (102). The solution by Scordelis is called MUL TPL 
and is based on the Goldberg .. Leve elasticity equations. It is solved by harmonics 
expansion of the applied load and employs the direct stiffness method. Scordelis 
treated the girders as vertical plates. The three COMDEK and REFDEK finite ele-
ment solutions in Fig. 3.17 are those by Mehrain. 
The COMDEK(EL) solution is obtained by using a standard beam element as an 
eccentric stiffener. The overflexibility is caused by the incompatibility in the axial dis-
placement field of the eccentric beam as described in Section 3.2. However, the solu .. 
tion converges if the mesh is refined. As shown by Gupta (35), the reduction in error 
is proportional to the square of the number of elements in the span direction. 
COMDEK( CD) and COMDEK(SM) are solutions with other types of beam ele-
ments. Mehrain's REFDEK solution is the most refined and uses additional nodes at 
the centre of the beam and shell elements to make the eccentric assembly fully com-
patible under pure strong-axis bending. These additional nodes are discussed in Sec-
tion 3.2 and shown in Fig. 3.1b. 
The superiority of the present solution is clearly visible. Even with only one 
QLSHELL element an excellent result is obtained. To ensure a better comparison 
with Mehrains's work a large shear area (1000 in2) is used for the QLBEAM elements 
to suppress shear deformation in the beams. The converged deflection in the present 
solution is within 1.0% of the solution by Scordelis and within 0.6% of Mehrains's 
REFD EK solution. 
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Figure 3.18 shows the distribution of the longitudinal direction axial force in the 
slab. To reduce the congestion of lines, only the values at the Gauss-points of the 
present solution are plotted. The large decrease in axial force per unit length in the 
transverse direction shows that large in-plane shear deformations are present. This 
represents the shear lag. The present solution follows the REFDEK solution very 
closely. The . largest difference in results occurs close to the point where the load is 
applied. The present solution with N = 6 is compared with the REFD EK N = 4 
solution. Therefore, it is not fair to state that the maximum difference in results is 
8.5%. With a REFDEK N = 6 solution the difference will be much smaller because a 
finer mesh win be able to approximate the steep slope near the load point better. The 
present solution is closer to Mehrain's solution than it is to the solution by Scordelis. 
It must be remembered that the solution by Scordelis includes shear deformation 
which has some influence on the results. 
Figure 3.19 shows the strong-axis bending moment in the girders. The present 
solution is close to both the solutions by Mehrain and by Scordelis. The only 
significant difference in results occurs in the region with high stress gradient, that is, 
in the region where the load is applied. This maximum difference is 5.4%. Again, 
this maximum difference will be smaller if the present N = 6 solution is compared 
with aN = 6, instead of N = 4, REFDEK solution. 
The conclusion is that the present solution agrees well with those by Mehrain and 
by Scordelis. It can be expected that some differences will occur in areas with high 
stress gradients. It should be noted that the choice of structure BRID GE-1 is such 
that large in-plane shear deformations occur in the slab and that the importance of 
slab bending is exaggerated. 
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3 .. 6,,2.. Example Problem: BRIDGE.2 
The cross section, plan view and member properties of this bridge with Q' = 40 
degrees is shown in Fig. 3.20. The bridge has seven girders, three diaphragms and is 
subjected to a single point load of 18 kips. The bridge is pin supported at the girder 
ends only. Present results are compared with those by Powell (86) who used other 
types of finite elements. He modelled the bridge with 20 elements in the span direc-
tion and two elements between girders. The present solution is obtained by using 14 
elements in the span direction and four elements between girders. A large shear area 
(10000 in 2) is used for the beams in the present solution to suppress the shear defor-
mations that are not taken into account in Powell's work. From the convergence 
study in Section 3.5 it is obvious that two elements between girders are not enough to 
provide a good solution. However, Powell used a shell element which has a higher 
order of displacement continuity. 
A comparison between the results is made In Table 3.16. Powell compared his 
GENDEK .. 5 results with those using the COMDEK( CD) program developed by 
Mehrain. The GENDEK-5 program by Powell uses the same eccentric stiffener (CD) 
which Mehrain uses in COMDEK( CD). The plate bending element (Q19) used in 
GENDEK-5 was developed by Felippa (18, 28) and is called CP in Mehrain's work. 
The maximum difference in vertical deflections between the present solution and 
those by Powell is 1.4%. The difference in deflections is the largest at the point where 
the load is applied. This difference dies out as the distance from the point where the 
load is applied increases. 
The diaphragm at midspan has torsional stiffness. Thus a bending moment jump 
occurs in the girders at midspan. It is not clear from Powell's (86) report if the girder 
bottom fiber stress reported is just to the left or just to the right of the diaphragm cen-
troid at midspan. The girder bottom fiber stress of the present solution is given for 
both locations: just to the left and just to the right of midspan. The girder bottom 
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fiber stress obtained from the present analysis at the point where the load is applied is 
up to 7.5% larger than the values obtained by Powell. On the other hand, the girder 
stress obtained at a point far away from the the load is up to 27% smaner. 
The cause of this difference in stress results can reasonably be explained as fol .. 
lows. The explanation consists of two parts: 
1. In Mehraln's tests on the rhombic plate (See Fig. 10 in Ref. 63) it is shown that 
the plate bending element (CDF) used in the COMD EK( CD) program is only 
slightly stiffer at 40 degrees skew than the plate bending element which Powell 
used in GENDEK .. 5. It is also shown that both of these plate bending elements 
have more excessive stiffness than the LD F element at 40 degrees skew. In Fig. 
3.6 a comparison is made between the bending behaviour of the current QLSHELL 
element and Mehrain's LD F element. It shows that for a 4x4 mesh the deflection 
obtained with the QLSHELL element at 40 degrees skew is less than 1 % in error, 
whereas the solution using the LDF element is nearly 20% too stiff. This means 
that the bridge as analysed by using the GENDEK .. 5 or COMDEK( CD) programs 
behaves as if it has a stiffer slab than the slab used in the present solution. This 
brings us to the second point of the explanation. 
2. To explain the differences in stress when the load is applied at point 1 or point 2 in 
Fig. 3.20, reference is made to Fig. 3.21 which is taken from Ref. 112. Although 
Fig. 3.21 is for a five .. girder right bridge; it shows that; if the stiffness of the slab 
becomes smaner (H becomes larger) and the load is applied at point 1 (C), the 
moment in the girder under the point load becomes larger. This explains the 
3.12% increase in bottom fiber stress at point 1, as tabulated in Table 3.16. The 
figure shows a reduction in bending moment for girders which are more than one 
girder spacing away from point 1 (C). This explains the -15.3 or .. 27.2% decrease 
in bottom fiber stress at point 2 (A). Figure 3.21 also shows that when the load is 
applied at point 2 (A) and the slab stiffness becomes 20% smaller (H becomes 
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larger) that the moment in the girder below the point load increases slightly while 
the moment at point 1 (C) becom·es smaller. This explains the 0.66 or 1.91 % 
increase at point 2 (A) and the -26.7 or .. 6.49% decrease in girder bottom fiber 
stress at point 1 (C). 
To summarize, the differences between the present analysis and the results by 
Powell and Mehrain is mainly due to the fact that their shell elements do not behave 
as well as the QLSHELL element under skew conditions. Their bridges behave as if 
they have thicker slabs than they actually do. 
Example Problem: .................... J&JP 
Newmark (72,75) obtained an exact solution for the rt"ght bridge shown in Fig. 
3.22. It is exact in the sense that the solution to the differential equation is exact and 
to the extent that the assumptions made are satisfied. The angle of skew (l' = 0 and 
the five girders have no eccentricity with respect to the midsurface of the slab. There 
are no overhangs at the edge girders and the torsional stiffness of the girders is not 
taken into account. The ratio of the girder spacing to span b/a is 0.2 and the stiffness 
ratio H is two. Poisson's ratio is taken as zero. The bridge is simply supported all 
along the two support edges. The bridge is loaded with a unit point load at midspan at 
diff eren t transverse locations. 
Chen (14) obtained an approximate solution to this problem USIng the finite 
difference approach. He used a rather coarse 8x8 finite difference grid. Their solu-
tions together with the present finite element solution using four elements between 
girders and 14 in the span direction are presented in Table 3.17. Only the girder 
bending moment coefficients at midspan are given. The actual girder bending 
moments are obtained by multiplying the tabulated coefficients by the span and the 
value of the point load. In the present solution a large shear area is assigned to the 
girders to suppress the shear deformations which are not taken into account in 
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Newmark's or Chen's formulations. 
Both Newmark and Chen reported bending moment coefficients to three decimal 
places. If the bending moment results of the present solution are rounded off to three 
decimal places the values obtained agree 100% with the three .. decimal exact results 
reported by Newmark. On the other hand, Chen's finite difference solution is in error 
up to a maximum of 5% at certain points. The fact that the present finite elements 
perform so well strengthens the previous convergence test conclusion that the particu-
lar Mesh 2 used is sufficient to 0 btain good results. 
Chen used this example to compare results with Newmark's exact solution in 
order to obtain an idea of the accuracy of his finite difference solutions. Based on 
these results thus erronously concluded that the finite difference method and network 
used should also provide reasonable accurate results for skew bridges. There was no 
independent study of the influence of skew on the solution accuracy. Indeed, in the 
absence of existing theoretical skew bridge solutions available at that time (1954) 
comparisons were not possible. 
The bridge in Fig. 3.22 is analysed again with the fonowing changes: 
1. The angle of skew Of = 60 degrees. 
2. The stiffness ratio H is changed to five. Poisson's ratio is still zero. 
In Table 3.18 a comparison is made between the present results and those 
obtained by Chen (14). The girder bending moment coefficients at midspan are listed. 
The loading consists of a unit point load at midspan which moves across the bridge on 
the skew centre line. 
Table 3.18 shows differences between the two solutions which are as large as 
42%. Since some of Chen's bending moment coefficients are reported with only one 
significant digit, it is not possible to list a realistic percentage difference between the 
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solutions for all values. For those coefficients which have more than one significant 
digit an approximate percentage difference is also indicated. 
It is very reasonable to believe that the present solution is much closer to the 
truth. Chen obtained his results from a very coarse 8x8 finite difference grid. He was 
limited to a coarse grid because the electronic computer he used in 1954 could only 
handle a rnaximum of 39 siInultaneous equations. 
4 .. 1.. General 
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CHAPTER 4 
DISCUSSION OF RESULTS 
A parametric study is done to determine the behaviour of a simply supported, 
skew slab-and-girder bridge subjected to two-lane truck traffic. The loading consists of 
two AASHTO HS20 .. 44 trucks. The parameters introduced in Chapter 2 are varied 
one by one to determine their effect on the distribution of wheel loads to the girders. 
The typical skew slab-and-girder bridge considered is shown in Fig. 2.1. The idealiza-
tions and assumptions introduced are discussed in detail in Chapter 2. 
The study of girder bending moment influence surfaces provides valuable insight 
into the effects of the parameters on the distribution of a single point load. However, 
if the maximum girder bending moments due to truck loads are of primary interest 
these can be determined more efficiently by subjecting the bridge to truck loads rather 
than to wheel loads one at a time. A truck moving across a bridge can be considered 
as a unit because the locations of its wheels relative to each other remain constant. 
The girder bending moments due to the weight of a truck at a certain location on the 
bridge are thus determined more conveniently directly rather than by the effects of 
individual wheel loads. 
The maximum bending moments In the girders are obtained from the bending 
moment envelope diagrams which result when the trucks are moved as units In a 
step-wise fashion along the span. The transverse locations of the trucks which pro-
duce maximum girder bending moments are determined by trial and error. Only the 
maximum girder bending moments are reported. 
The following topics are discussed in Chapter 4: 
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Section 4.2: Errors in the Bottom Fibre Stresses of the Girders 
Section 4.3: Differences in Results for"Bridges which have the same b/a and H ratios 
Section 4.4: Bridges with more than Five Girders 
Section 4.5: Influence of Girder Torsional Stiffness 
Section 4.6: Influence of the End Diaphragms 
Section 4.7: Locations of the Trucks for Maximum Girder Bending Moments 
Section 4.8: Results of the Parametric Study . 
Section 4.9: Comparison with the AASHTO Design Recommendations for Right 
Bridges 
The results of the parametric study consist of values for Meg-the total bending 
moment which acts on a composite T-section girder. A designer normally calculates 
the bending stress at any point a distance z from the neutral axis of a composite girder 
by using the formula: (J' == Meg z/les, where Meg is the total moment acting on the 
composite section and leg is the moment of inertia of the composite section. How-
ever, bending stresses obtained in this manner are only approximately correct because 
the value of leg" depends on the effective flange width-a concept which approximates 
the effect of shear lag in the slab. The accuracy of this approximation is of present 
interest. 
It is mentioned Section 2.3.4.3 the 'correct' bending stresses in a support-
ing girder can be obtained by using Eq. 2.5: Ng/Ag + Mg z/Igx, where Ng and Mg are 
the axial force and bending moment which act on the supporting girder alone. Igx and 
Ag are the moment of inertia and cross sectional area of the supporting girder. How-
ever, as explained in Section 2.3.4.3, Ng and Mg are not reported in this study because 
their values depend on too many variables.' They are replaced by Meg. 
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In this section a comparison is made between the approximate and' correct' bend-
ing stresses in the supporting girders using the two Inethods of stress calculation as 
described above. Furthermore, the influence of the longitudinal slab moment Ms on 
these stresses is also investigated. The bottom fibre stresses in the supporting girders 
are used as bases for comparison because of their importance to a designer. 
The bottom fibre stresses in the supporting girders of five right bridges are listed 
in Table 4.1. The results are for spans of 60 and 80 ft. The smallest and largest values 
of the stiffness parameter H are used. The tabulated bending stresses are those 
corresponding to the maximum possible girder bending moments due to two HS20-44 
trucks on the bridge. For convenience, the rear wheel load P is assumed to be ten 
kips. This assumption does not effect the comparative magnitudes of the stress errors 
under consideration. The table shows that the bottom fibre stress errors are between 
-6.0% and + 3.1 % which is quite acceptable for design purposes. 
The longitudinal slab moment Ms is only 3.3% or less of the total bending 
moment Meg which acts on a composite T-section. Ms is larger in bridges which have 
smaller H values. Table 4.1 reveals that the stress errors do not increase much when 
the contribution of the slab moment Ms to the total moment Meg is ignored. In many 
cases it even happens that more accurate stresses result when the moment in the slab 
is ignored. Because the inclusion of the contribution of Ms to Meg does not ensure 
smaner stress errors, it is ignored. This avoids integrating the slab moments, which 
would be quite inconvenient in skew bridges. 
It is found that the stress errors are significantly larger when a bridge is subjected 
to a single point load, especially in those girders far away from the point where the 
load is applied. A single point load presents a much more nonuniform loading condi-
tion than the 12 wheels of two trucks. 'The shear lag effect is more pronounced for 
nonuniform loading conditions. The effective flange width concept does not approxi-
mate the shear lag effect in this case as well as it does for a more uniform loading 
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condition. 
Since the stress errors in Table 4.1 -are small, it is reasonable to use the composite 
T-section moment of inertia leg as parameter. This simplifies the problem tremen-
dously. All of the Meg bending moments reported in Chapter 4 exclude the longitudi-
nal bending moment Ms in the slab. Although the data in Table 4.1 are obtained 
from only five bridges, they do cover a large range of bridges. However, it is not 
implied that the occurrence of larger errors is impossible. Table 4.1 gives an idea of 
the magnitude of errors which can be expected if designers use the effective flange 
width concept. This should be borne in mind when the data in this report are used to 
determine design stresses in the girders. 
4 .. 3.. Differences in Results for Bridges Which Have the Same bla and H Ratios 
Different bridges which have noncomposite girders and the same Hand bja ratios 
always give identical results for point loads (75). In the present study the value of H 
depends on the composite girder moment of inertia leg, which is a function of the 
eff ective flange width. The elf ective flange width concept approximates the effect of 
shear lag in the slab which depends among other things on the slab thickness, girder 
spacing, span, eccentricity of the girders and the loading condition. It is thus obvious 
that some differences in results will occur even when two bridges with composite gird-
ers have the same Hand bja ratios. 
The purpose of this section is to investigate if the magnitudes of these expected 
differences are small enough to justify the assumption that the behaviour of a bridge 
is adequately defined by the two parameters H and bja, whether the girders act com-
positely or not. 
To accomplish this, three skew five-girder bridges with Q' = 60 degrees are 
analysed for a single point load as well as for the wheel loads of two AASHTO HS20-
44 trucks. The three bridges are called Bridge 1, 2 and 3 and have nothing to do with 
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the example problems in Chapter 3. Both Bridge 1 and Bridge 2 have a span of 56.25 
ft and a girder spacing of nine feet. Bridge 3 has the same bja ratio as the other two 
bridges, but the span is 37.5 ft and the girder spacing is six feet. The H-value of all 
three bridges is 15.56. To avoid unrealistic differences between the three bridges, 
practical girders and slab thicknesses which are suitable for the girder spacings and 
spans considered are chosen from design manuals. 
Bridge 1 consists of a 7.5 inches thick slab supported by Illinois Type-42 precast 
concrete girders. Bridge 2 consists of a 10.125 inches thick slab and AASHTO-PCI 
Type .. 45 girders. Bridge 3 has a 6.891 inches thick slab and Illinois Type-36 girders. 
These bridges have different slab thicknesses, girder eccentricities, girder properties 
and girder spacings (in one case). Therefore, differences in the results obtained from 
bridges with the s~me Hand bja ratios, but with different girder properties and slab 
thicknesses can be demonstrated. 
The results of this investigation are reported in Tables 4.2 and 4.3. A, Band C 
refer to the edge, second and centre girder respectively. A single point load is applied 
on the skew centre line at midspan directly above one of the girders. The maximum 
percentage differences between the maximum bending moments in girders A, Band C 
obtained from the three bridges are reported in Table 4.2. 
The largest bending moment differences in girders A, Band Care 1.6, 6.6 and 
5.2% respectively. The differences in the bending moments in the two girders on the 
other side of the longitudinal centre line are even larger. The important differences 
are those for the bending moment in the loaded girder because these are differences 
in large numbers. Here we have a 1.3% difference for girder A and 2.7% for both 
girders Band C. The magnitudes of these more important percentage differences are 
acceptable. 
The only differences which are of practical importance are those when the bridges 
are subjected to truck loads because this loading condition controls the design. 
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Because two truck loads present a more uniformly distributed loading condition than a 
single point load, the shear lag effect. is less and smaller girder bending moment 
differences should result. These bending moment differences for truck loads acting 
on the same bridges are listed in Table 4.3. They are smaller than those for point 
loads. When the two trucks are located such that large bending moments result in the 
girder under consideration, the differences in results between Bridge 1 and 2 are 1.0% 
for girder A, 1.2% for girder B and 1.8% for girder C. Bridge 3 has different values of 
a and b. Because the distances between the wheels of a truck are constant, truck load 
results for Bridge 3 cannot be compared with those for the other two bridges. 
The girder bending moment differences for truck loads as discussed above are 
small. Therefore, it is reasonable to assume that whether the girders and slab act 
compositely or not, and b/a define the behaviour ofa bridge adequately for practi-
cal purposes. 
Bridges more than Five Girders 
The present parametric study is done on bridges which have five girders. It is 
necessary to determine whether these results can be used for the design of bridges 
with more than five girders because at times six .. , seven .. and nine-girder bridges are 
build. 
Both Badaruddin (8) and Sithichaikasem (112) who analysed right bridges showed 
that if more girders are added at the same girder spacing, virtually no change occurs in 
the distribution of a point load. Badaruddin further showed that the maximum girder 
bending moments caused by two trucks are reduced slightly if the number of girders is 
increased. The question that arises is whether this is still true when skew is intro .. 
duced. 
Figure 4.1 shows girder bending moment influence diagrams for a point load 
moving along the skew centre line-at midspan of a five-, six .. and seven-girder skew 
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bridge. The bridge has the following properties: H = 5, bja = 0.1 and a = 60 
degrees. Girders A, B, C, D, and E are the girders of the original five-girder bridge. 
The girder bending moment influence values are calculated at a section 1.51 % of the 
span to the left of midspan. This is the location of the nearest finite element integra-
tion points to midspan and is sho·wn in Fig. 4.1. Because of this, the peak value of an 
infl uence diagram is not directly above the particular girder. 
The values of the influence diagrams for the six-girder bridge are smaller than 
those for the five-girder bridge. The values for tlie seven-girder bridge are only 
slightly smaller than those for the six-girder bridge. The largest differences occur at 
points far away from the point where the influence is determined and are the largest 
for the centre girder of the original five-girder bridge. This is fortunate because the 
influence values at .points far away from the point where the influence is determined 
are small. Thus, the largest differences occur in small numbers which are not of much 
practical importance to the designer. 
There is one difference between the influence diagrams for a right bridge and 
those for the skew bridge considered. In the skew bridge the influence values are 
reduced everywhere when the number of girders is· increased. However, by increasing 
the number of girders in a right bridge, the influence values for the interior girders B 
and C become larger in the edge panel DE (Fig. 4.1) of the original five-girder bridge. 
This difference may be as a result of the slab which tends to span in the shortest diag-
onal direction when the slab is skew. The slab transfers some of the load which nor-
mally goes to the girders in right bridge directly to the supports and, therefore, always 
causes a reduction in the influence values. This slab effect is shown in Fig. 3.13. 
The effect which an increase in the number of girders has on the girder bending 
moments when the bridge is subjected to two-lane traffic is determined by analysing 
four skew bridges with a = 60 degrees. The bridges are loaded with two AASHTO 
HS20-44 trucks. The additional girders are spaced at the same spacing. The span of 
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the bridges considered is 60 ft. The girder spacings used are six and nine feet. The 
stiffness ratios used are H = 5 and H = 30. With these values, a large range of 
bridges is covered. The results are reported in Table 4.4. 
In Table 4.4 the maximum girder bending moments in the six- and seven-girder 
bridges are expressed in terms of percentage differences from the five-girder bridge 
results; An increase in the number of girders always results in a reduction in the 
girder design moments. The table clearly shows that the moment differences become 
smaller when the stiffness ratio H or the girder spacing b increases. The largest 
differences are always those for the centre girder. This correlates with the differences 
in the influence diagrams in Fig. 4.l. 
The maximum difference between the five- and seven-girder bridge results is 
6.3%. This value for the bridge with H = 5 and b = 6 ft is reduced to 2.0% when H 
increases to 30 and to 2.3% when the girder spacing increases to 9 ft. It should be 
noted that H = 5 is a low value for prestressed concrete girder bridges. Larger H .. 
values are normally used in practice which means that differences smaller than 6.3% 
will occur. It should be noted that the differences are on the conservative side. 
The differences between the six- and seven-girder bridges are much smaller than 
the differences between the five- and six-girder bridges. It is reasonable to assume 
that the differences which can be expected if the number of girders IS further 
increased will be much smaller. Thus the results obtained from a five-girder bridge 
closely approximates the results for a bridge with more girders and are conservative. 
The addition of girders at the same girder spacing increases the width of a bridge 
which provides space for more traffic lanes. Three and four lane traffic are not con .. 
sidered in the present study because both Badaruddin (8) and Sithichaikasem (112) 
showed that although the girder design moments are larger for more traffic lanes, the 
resulting moments are smaller after the AASHTO probability reduction factor is 
applied. It is very unlikely to have three HS20 .. 44 trucks, each loaded to its maximum 
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capacity, and located at exactly the same instant such that each truck causes its max-
imum possible contribution to the maximum bending moment in the girder under 
consideration. 
The increase In girder design moments in a skew bridge as the result of more 
lanes of loading is less than the increase for right bridges. This statement is based on 
the difference which exists between the bending moment influence diagrams of right 
and skew bridges as discussed in Section 4.4. 
The conclusion reached is that the behaviour of skew bridges is similar to that of 
right bridges as far as the effect of the number of girders is concerned. The results of 
the present parameteric study for a five-girder bridge can conservatively be used for 
the design of bridges with more than five girders. They can also be used for bridges 
with more than two traffic lanes. 
Influence of Girder Torsional Stiffness 
In order to determine the effect and importance of girder torsional stiffness on 
the load distribution in a bridge, various bridges are analysed with and without girder 
torsional stiffness and with different angles of skew. The maximum girder bending 
moment results of these analyses are reported in Tables 4.5 and 4.6. The results 
without torsion indicated in the tables are those for steel I- beams since they have 
negligible torsional stiffnesses. The bridges are subjected to two AASHTO HS20-44 
trucks located in various positions, each corresponding to the maximum bending 
moment in the girder under consideration. 
Table 4.5 shows maximum girder bending moments for two bridges with a girder 
spacing of six feet. The spans of the two bridge are 40 and 80 ft, which are the 
minimum and maximum spans considered in this study. The H-value of both bridges 
is ten. In one particular case the torsional stiffness of the girders in the 40 ft span 
bridge is increased by 47%. The results for this case is marked with an asterisk. The 
77 
maxImum difference in the maxlmum girder bending moments in this case is 1.3% 
which shows that the torsional stiffness has little influence as far as the design girder 
bending moments are concerned. This is fortunate because there are uncertainties 
regarding the true torsional stiffness of a prestressed concrete I-shaped girder. 
For the cases considered, the maximum bending moments in the interior girders 
always 'increase when the girder torsional stiffness is ignored. This can not be said of 
the exterior girders. Table 4.5 shows that it is possible to have a decrease in the 
design moment of the exterior girders of very short bridges if the torsional girder 
stiffness is ignored. The influence of girder torsional stiffness becomes gradually 
larger when the angle of skew increases. However, when (l' = 60 degrees the 
differences between results with and without torsion are still in the order of five per .. 
cent, which is small. The effect of girder torsional stiffness is larger when the bridge 
span increases because the torsional stiffness of girders used for the larger spans are 
also larger. A similar observation was made by Badaruddin (8). 
The results of three other skew bridges are reported in Table 4.6. The angle of 
skew is 60 degrees. The contribution of each truck to the maximum girder bending 
moment is shown. The girder spacing, b, is nine feet. For a 100% reduction in tor .. 
sional stiffness the maximum influence on the girder bending moments is 6.5%. It is 
not likely that the maximum effect of girder torsional stiffness on the girder bending 
moments win be much larger than 6.5% in other practical slab-and .. girder bridges. 
Table 4.6 also reveals that a reduction in the girder torsional stiffness has the 
same effect on the behaviour of the bridge as an increase in the value of H. This can 
be expected because the rotation of the slab above a supporting girder is resisted by 
the torsional rigidity of the girder. The slab is thus in effect stiffened in bending in 
the transverse direction. When the torsional stiffness of the girders is reduced, this 
torsional stiffening effect of the girders on the transverse bending stiffness of the slab 
is reduced, which means that the effective rigidity of the slab is less. The H .. value 
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Increases when the slab rigidity decreases and thus also when the girder torsional 
stiffness is reduced. 
Because the present parametric study is done for bridges which have precast pres-
tressed concrete girders, a minor modification is necessary to apply the data to bridges 
with steel I-beam girders. The recommendation based on the reports of Badaruddin 
(8), Sithichaikasem (112) and the data in Tables 4.5 and 4.6 is that the design 
moments in steel I-beam slab-and .. girder bridges must be increased to five percent 
above the girder design moments for the prestressed 'concrete girder bridges analysed 
in this report. 
It is important to notice that girder torsion may have some effects other than the 
influence on girder bending moments which may be of much more importance. 
Surana (115) 1 for instance, reported that the com bin atio n of torsional and bending 
sh~ar stress in the girders at the obtuse corners can cause shear cracking. 
Influence End Diaphragms 
The support boundary conditions used In the parametric study are discussed in 
Section 2.2. An imaginary diaphragm which is rigid in bending in its own plane, is 
used at each abutment to tie the slab and girders together. The slab ends and girder 
ends are simply supported. A question that arises is how do the end diaphragms 
influence the maximum girder bending moments. No attempt is made to study this 
issue completely but two skew bridges with OL = 60 degrees are analysed to determine 
the effect of the end diaphragms. 
The properties of the first bridge are: a = 45 ft, b = 8.5 ft and H = 12. The 
bridge is loaded with two HS20-44 trucks located in different positions such that max-
imum girder bending moments result in the edge and centre girder. When the end 
diaphragms are removed so that only the beam ends are ball supported and the slab 
ends are completely free and unstiffened, the edge girder maximum moment reduces 
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by 1 % and the centre girder moment increases by 6%. The properties of the second 
bridge are: a = 76 ft, b. = 8.5 ft and H = 20. When the end diaphragms are 
removed the maximum edge girder moment increases by 0.3% and the centre girder 
design moment increases by 2%. 
The edge girders are thus not much effected. The most prominent effect of the 
end diaphragms is that when they are sufficiently stiff the maximum bending moments 
in the interior girders are reduced. The effect is larger when the span is short. It is 
expected that the effect win be large when the H-value is small and when the angle of 
skew is large. 
Because the cost of the end diaphragms is small compared to the total cost of a 
bridge and because they are in any case needed to protect and stiffen the free edge of 
the slab, the designer can just as well see to it that they are proportioned to be very 
stiff . 
Locations of the ThIeks for Maximum Girder Bending Moments 
The two-lane truck loading condition used in the parametric study is described in 
detail in Section 2.3.5.1. The transverse distance between the wheels of two adjacent 
trucks is fixed at four feet. The minimum transverse distance between an edge girder 
and a truck wheel is two feet. 
The bridge girders considered are called A, Band C and are shown in Figure 2.1. 
A refers to the edge girder, B to the second girder and C to the centre girder. The 
two trucks are called Truck 1 and Truck 2. Truck 1 is always the one closest to girder 
A. Figure 2.1 is used to define the directions in which the trucks move. 
When a single isolated beam carries an HS20 .. 44 truck which moves from the left 
to right over the beam, the maximum static bending moment occurs under the middle 
axle at a point 2.333 ft to the right of midspan. It is found that some shift occurs in 
the location of the point of maximum girder bending moment in a right slab .. and .. 
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girder bridge. This is so becatis·e when a wheel load acts on the slab between two gird-
ers, the load is distributed over some distance by the time that it reaches the girders. 
In a right bridge the middle axle location which produces the maximum girder bend-
ing moment is normally more than 2.333 ft to the right of midspan and the point of 
maximum bending moment is closer than 2.333 ft from midspan. 
The transverse truck locations which give the maximum girder bending moments 
IS found to be the same for all girder spacings between six and nine feet. The 
transverse locations are independant of the angle of skew. For maximum bending 
moment in girder C the trucks are always spaced symmetrically with respect to the 
longitudinal centre line, that is, the wheels of the trucks are on both sides two feet 
away from girder C. When the wheels of Truck 1 are two feet away from girder A it 
gives the maximum. moment in both girder A and girder B. 
The location of the point of maximum bending moment in a girder depends on 
the parameters b, a and H. The truck locations which cause maximum bending 
moments also depend on these parameters. However, it is found that the span does 
not have an appreciable influence on the longitudinal location of the trucks with 
respect to midspan. With reference to Fig. 2.1 it is found that for all bridges analysed 
that the point of maximum bending moment in girder A is within 3% of the span to 
the left and 6% of the span to the right of midspan. For girder B this range is from 
6% of the span to the left to 6% of the span to the right of midspan. The maximum 
momen t in girder C always occurs at midspan. 
The designer should realize that the bending moment envelope diagrams for the 
girders are noticeably flat in the region of maximum moment. This is not important if 
precast pretensioned concrete girders are used because the central 20% of these gird .. 
ers are normally designed to carry the same maximum moment. However, if cover 
plates are used to strengthen steel I-beams at their maximum bending moment loca-
tions, the shape of the girder bending moment envelope diagram is important in 
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calculating the lengths of these c~ver plates. Urbana~ 
Referring to Fig. 2.1, the directions of truck movement which corresponds to 
maximum girder moments are as follows: 
1. For aU spans, girder spacings and angles of skew considered, Truck 1 always moves 
from the right to the left to obtain the maximum bending moment in girder A, 
and from the left to the right for the maximum moment in girder B. 
2. Truck 2 moves from the left to the right to obtain the maximum bending moment 
in both girder A and girder B when the girder spacing is six feet. It is found that 
the maximum bending moment in girder A is never very sensitive to the direction 
in which Truck 2 moves. 
3. To obtain the maximum bending moment in girder A when b = 9 ft, Truck 2 
always moves from the left to the right when H = 5 and from the right to the left 
when H = 30 except for the case when a = 60 degrees. For the maximum 
moment in girder B when b = 9 ft, Truck 2 always moves from the right to the 
left except for the single case when Q( = 60 degrees and H = 5. 
4. The maximum bending moment in girder C is always obtained when Truck 1 
moves from the left to the right and Truck 2 in the other direction. 
General 
The results of the parametric study consist of maximum girder bending moment 
coefficients as wen as girder deflection coefficients. The girder bending moments 
reported are the maximum bending moments Meg in the composite T-section girders 
and do not include the contribution of the longitudinal bending moments in the slab 
Ms for reasons explained in Section 4.2. The girder deflections reported are calculated 
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at midspan for truck locations corresponding to the maximum bending moment in the 
girder under consideration. 
The results of the 108 bridges analysed are reported in Tables 4.7 through 4.38. 
The maximum bending moment Meg in the composite girders can be obtained by mul-
tiplying the tabulated moment coefficients by both the rear wheel load P and the span, 
a. The girder. bending moment contribution of Truck 1 and Truck 2 are tabulated 
separately. Except for girder A, the exterior girder, the bending moment contribution 
of Truck 1 should not be seen as the maximum girder bending moment for single-
lane loading. The transverse locations of a single truck which produces the maximum 
girder bending moments in the interior girders are not necessarily the same as the 
locations when a second truck is present. 
The maximum bending moment at midspan of girder C results when the nearest 
wheels of the trucks are two feet away on both sides of girder C. The longitudinal 
locations of the trucks, which move in opposite directions, are such that the middle 
axle of Truck 1 is just as far to the right of midspan as the middle axle of Truck 2 is 
to the left of midspan. Thus the trucks are antisymmetrically staggered with respect to 
the longitudinal and skew centre lines of the bridge. Tables 4.7 through 4.38 show that 
the bending moment contributions of the two trucks are not equal. The contributions 
should be equal, but they are slightly different because of the method used to interpo-
late bending moment values at midspan from the surrounding finite element integra-
tion points. 
The maximum girder bending moments are also presented in Figures 4.2 through 
4.28 which are used to interpret the behaviour of the bridge. In these figures no dis-
tinction is made between girder B and girder C. The exterior girder bending moments 
and maxim urn interior girder bending momen ts are plotted. 
The midspan deflections Ll can be obtained by multiplying the tabulated deflection 
coefficients in Tables 4.7 through 4.38 by Pa3 jEgIego 
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4 .. 8 .. 2.. Influence of the Stiffness Parameter H and the Geometric Parameter b/a 
The vertical stiffness at any point along a beam is a function of ki EI/ L 3 
where, 
ki = a constant depending on the boundary conditions and 
the location of the point under consideration. 
EI = the bending stiffness of the beam. 
L = the span of the beam. 
The vertical stiffness of a composite girder in a slab-and-girder bridge is thus a func-
tion of k lEg leg/a3. Similarly, the vertical stiffness of a section of the slab which is 
eff ective in distributing load in the transverse direction is a function of k2aD /b3, 
where k2a is a fraction of the span, a, which is the width of the effective slab section 
spanning in the transverse direction and D is the flexural stiffness of the slab per unit 
length. 
The vertical stiffness ratio R is defined as the ratio of the vertical stiffness of an 
interior composite T-section girder to the vertical stiffness of the section of the slab 
effective in the transverse direction and is thus proportional to: 
{~~ } { 
Eg leg } {b }3 
which can be rearranged as: aD =;:- which equals 
This vertical stiffness ratio R is proportional to two terms. The first term combines 
the flexural bending stiffness of the girders and that of the slab and is introduced in 
Chapter 2 as the flexural stiffness parameter H. The second term is purely geometric 
and is the ratio between the girder spacing and span of the bridge. A large value of H 
or b/a implies that the flexural stiffness of the composite girders is large compared to 
the flexural stiffness of the slab. Because the b/a ratio is raised to the power three, it 
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is obvious that a small change in the bja ratio has a more pronounced effect on the 
structural behaviour than an equivalent change in the H-value. 
The influence of the vertical stiffness ratio R on the structural behaviour is now 
studied. A bridge which has a very large R-value may either have very stiff support-
ing girders or a very flexible thin slab. Consider the theoretical case where a slab-
and-girder bridge has an extremely thin flexible slab. A point load is applied directly 
above a girder. The particular girder deflects under the load while the other girders 
deflect a negligible amount, because the slab is too fl'exible to transfer large loads to 
them. This means that the loaded girder has to carry nearly all the load by itself. The 
flexible slab is unable to distribute the point load to the other girders. If the point 
load can move around the result is that all girders must be designed for very large 
bending moments .. A large value of H or bja corresponds to the above behaviour. 
The effect of H on the exterior girders is not as described above if the bridge is sub .. 
jected to truck loads. This is explained in Section 4.8.2.l. 
On the other hand, a bridge which has a small R-value can be thought of as one 
In which the slab is thick enough to distribute an applied point load so that all the 
girders help to carry the load. A small R .. value corresponds thus to a more uniform 
load distribution. 
The effect of the bja parameter can alternatively be explained as follows: a very 
small b ja ratio corresponds to a long span bridge with girders at a very close spacing. 
The cross-section of the bridge does not deform much and the bridge behaves like a 
single beam in which the load is distributed uniformly over the width. On the other 
hand, a large b /a ratio corresponds to a bridge with a short span and a large girder 
spacing. The bridge behaves more like a slab in which the bending moments are 
non uniformly distributed over the width. 
To summarize, a reduction in either H or bja corresponds to an increase in the 
ability of the slab to distribute the load. The behaviour of the bridge is more sensitive 
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to changes in b j a than to H. The stiffness ratio R served its purpose in this discussion 
and is not used as a variable in the parametric study. However, the two parameters 
that make up R are two of the major parameters considered. 
The two sections which follow deal with the effects which variations in the param-
eters H and bja have on the behaviour of the bridge according to the data obtained 
from the parametric study. 
4 .. 8 .. 2 .. 1.. Effeet Varying the Stiffness Pa.ra.nileter 
Figures 4.2 through 4.7 show the maximum girder bending moment Meg as a 
function of the stiffness parameter H for different angles of skew, spans and girder 
spacings when the bridge is subjected to two HS20-44 trucks. The maximum bending 
moment in the interior girders always increases as H increases whether the increase in 
H is due to a decrease in slab thickness or due to an increase in the supporting girder 
bending stiffness. 
The girder moments are more sensitive to changes in H when the H-value is 
small. For instance, Fig. 4.2 \vhich is for a bridge with a = 40 ft and b = 6 ft shows 
that for Q = 0 a 50% increase in the H-value from H = 5 to H = 7.5, results in a 
5.8% increase in the maximum interior girder bending moment. A 50% increase in the 
H-value from H = 20 to H = 30 results in only a 2.4% increase in moment. 
It is fortunate that the girder design moments are insensitive to moderate changes 
in the H .. value because there are many uncertainties surrounding the true value of H. 
These uncertainties include the effect of cracks in the slab concrete, the true modulus 
of elasticity of the slab and girder concrete and the approximation of shear lag by an 
eff ective flange width. 
The exterior girder behaves differently. An increase in 1-1 results in a decrease in 
the maximum exterior girder bending moment. It is found that when the angle of 
skew is 60 degrees, there are in some cases a slight increase in the exterior girder 
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moment when H is increased between H = 5 and H ~ 15 whereafter the moment 
decreases again. The maximum moment in the exterior girder is extremely insensi-
tive to changes in H over the whole range of H considered. The exterior girder 
design moment can of course not continue to increase as H is decreased because at 
H = 0, which corresponds to a bridge with a rigid slab, the moments in the girders 
are zero. It should be recalled that the girder moments Meg do not include the longitu-
dinal slab moments Ms' 
The difference in the behaviour of the interior and exterior girders can easily be 
explained with reference to Fig. 3.21 which is taken from Ref. 112. Figure 3.21 shows 
the midspan girder bending moment influence lines for a point load P movIng 
transversely across a right bridge at midspan. The bja ratio of the bridge is 0.05. 
Assume that the girder spacing is eight feet. To obtain the maximum bending 
moment in girder C, Truck 1 is placed in panel BC and Truck 2 in panel CD with the 
nearest wheels two feet away from girder C on both sides. In panels BC and CD the 
values of the moment influence diagram for girder C increase when H increases. 
Therefore, the maximum bending moment in the interior girder C increases. 
On the other hand, to obtain the maximum bending moment in the exterior 
girder, girder A, the nearest longitudinal row of wheels of Truck 1 is placed two feet 
away from girder A. The second row of wheels of Truck 1 falls directly on top of 
girder B. All the wheels of Truck 2 fall in panels BC and CD. The influence line for 
girder A shows that when H increases, only the first row of wheels of Truck 1 causes 
an increase in bending moment. All the other wheels of Truck 1 and 2 cause a reduc-
tion in moment when H increases. The sum of reductions is more than the moment 
increase produced by the first line of wheels of Truck 1. Therefore, the maximum 
exterior girder bending moment decreases when H is increased. 
Figure 3.21 also demonstrates that a small H-value corresponds to a more unl-
form distribu tion of load, because the influence lines are flatter for smaller H-values. 
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Urbana, 
Note that H depends on the ratio b/a because H has the term leg in its numerator 
and the span, a, in the denominator. leg depends on the effective flange width which 
equals the girder spacing in most practical bridges. However, in the parametric study 
the values of the parameters are changed one at a time. Thus if bfa, for instance, is 
varied the necessary changes are made to the slab thickness and cross sectional girder 
properties to keep the value of H the same. 
4 .. 8 .. 2 .. 2.. Effeet of Varying the Parameters b and b/a 
As discussed in Section 4.8.2, an increase in the b/a ratio corresponds to a 
decrease in the ability of the slab to distribute the wheel loads in the transverse direc-
tion. In the case of a loading condition consisting of a single point load, the conse-
quence is always an increase in the girder maximum bending moments. 
Increasing the girder spacing means that each girder supports a larger slab area. 
Because more of the wheel loads can be applied to a larger slab area, the result of 
increasing the girder spacing is an increase in the girder design moments. 
Figures 4.8 through 4.14 show the variation in the maximum girder bending 
moments Meg and girder midspan deflections ~ as a function of the girder spacing, b, 
for different spans, H-values and angles of skew. The exterior, second and centre 
girder results are marked in the figures as A, Band C respectively. In each case the 
span, a., and H-value are kept constant while b is increased. 
Forty-eight of the bridges analysed in the parametric study have a girder spacing 
of six feet, 48 have a girder spacing of nine feet and 12 bridges have girder spacings 
somewhere between these values. The purpose of Figures 4.8 through 4.11 is to 
demonstrate that it is possible to obtain acceptably accurate girder bending moment 
results for bridges with girder spacings between six and nine feet by interpolating 
linearly between the data for b = 6 ft and b = 9 ft. 
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Figure 4.8 gIves results for a right bridge with a span of 40 ft. It shows that as 
the girder spacing b increases, the maximum bending moments in all the girders of 
the bridge increase. The abscissa also represents a variation in b/a since the span, a, 
is kept constant as b is increased. The increase in girder bending moment with b is as 
the result of the larger slab area which each girder carries as well as the result of the 
larger b/a ratio which decreases the ability of the slab to distribute the load in the 
transverse direction. 
Figures 4.8 through 4.11 show that the variation in maxImum girder bending 
moment with b is very close to linear in the case of the exterior and centre girder. 
For girder B the path deviates more from a straight line. A possible explanation for 
this is that the largest contribution to the maximum moment in the girder under con .. 
sideration comes from the wheels the nearest to the particular girder. The transverse 
locations which result in the maximum moment in the exterior girder is such that the 
nearest wheel of Truck 1 is two feet away from the exterior girder. As the girder 
spacing increases, this two-foot distance remains the same. Similarly, to obtain the 
maximum bending moment in girder C, the wheels of the two trucks are two feet 
away from the centre girder on both sides. As the girder spacing increases, these 
two-foot distances also remain the same. However, for girder B the transverse dis-
tance between girder B and the nearest wheels to girder B varies with the girder spac-
ing. This is because the transverse locations of the trucks which give maximum bend-
ing moment in girder B is such that Truck 1 remains two feet away from the exterior 
girder. 
The solid straight lines in the figures interpolate the maxImum interior girder 
bending moments for girder spacings between six and nine feet. For all the bridges 
analysed it is found that when the girder spacing is six feet, the maximum interior 
girder bending moment always occurs in girder C. When the girder spacing is nine 
feet, the maximum interior girder bending moment always occurs in girder B. Using 
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linear interpolation between these two cases for the interior girders provides results 
for other girder spacings which are less than 1.8% in error. 
Figures 4.9 and 4.11 show that this linear variation with b also holds when 
0' = 60 degrees. This linear variation also holds for the midspan girder deflections 
shown in Figs. 4.12 through 4.14. Because this is true for the minimum and max-
Imum spans considered, the mio.imum and maximum H-values used and the 
minimum and maximum angles of skew, it is very unlikely that a bridge with parame-
ters somewhere between these limits will behave differently. 
Sithichaikasem (112) showed that when both b and a are increased such that the 
ratio b/a is kept constant, a similar nearly linear variation with b/a exists for the max-
imum girder bending moments in right bridges. 
It was mentioned before that the result of an increase in the b/a ratio is always an 
increase in the maximum bending moments resulting from a single point load. How-
ever, this is not always true for truck loads. The discussion above is concerned with a 
variation in the b/a ratio by changing b. In this case moment increases do result 
when b/a is increased. Figures 4.15 through 4.22 show the variation of girder bending 
moments Meg as a function of b/a for different angles of skew, H-values, girder spac-
ings and spans. The b/a ratio is now varied by changing the span, a. The figures 
show that the girder bending moments now decrease when the b/a ratio Increases. 
This happens even though the ability of the slab to distribute the loads decreases 
when b/a increases. This behaviour results because the 14 ft longitudinal axle spacing 
of the three axles of a truck remains the same when the span is reduced. As the span 
is reduced, the first and third axle get closer to the supports and contribute less to the 
maximum moment near midspan. 
The variation in the girder bending moments when b/a is varied by changing a is 
not far from linear. Note that the vertical scale used for the bending moments is 
large. In all cases a straight line can replace each curve shown such that the 
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differences between the two lines are less than 2%. 
4 .. 8.3. Effect of Varying the Angle of Skew a 
The infi uence of the angle of skew on the distribution of wheel loads is the crux 
of the present study. A bridge build on skew alignment always has smaller girder 
bending moments than its right counterpart. The larger the angle of ske"w becomes, 
the smaller the girder design moments obtained. This holds for all girders in the 
bridge. However, it is found that when b = 6 tt, a = 40 ft and H = 10, there is a 
small increase in the exterior girder bending moments when Q' is increased. This 
increase above the value for a right bridge is less than 1.5% and occurs when Q' is 
between 0 and 45 degrees. Chen (14) reported a slight increase in the contribution of 
the front wheels of his H-type trucks to the maxinlum moments for spans shorter 
than 35 ft. This slight increase is of no importance and, indeed, is well within the 
uncertainties of the present analyses. 
The reduction in bending moments In the girders of skew bridges result as a 
consequence of the following two effects: 
1. With the abutments not perpendicular to the girders some of the wheels of the 
trucks are closer to the supports than in the corresponding right bridge. The total 
maximum static bending moment on the bridge is thus reduced. 
2. In short span bridges with large skew angles there is a tendency for the slab to 
span in the shortest diagonal direction. This slab action which is indicated in Fig. 
3.13 decreases the loads which are normally carried to the supports through the 
girders in right bridges. The slab transfers part of the load directly to the supports. 
There are corresponding changes in the bending moments in the slab. The effect 
of skew on the slab moments is not determined in this study. 
Figures 4.23 through 4.28 show the maximum girder bending moments Meg as a 
function of the angle of skew for different H .. values, girder spacings and spans. 
91 
Figure 4.23 reveals that the exterior girders are very insensitive to changes in the 
angle of skew for Ot between 0 and 45 degrees. The interior girders are also insensi-
tive to changes in Ot for Ot between 0 and 30 degrees. Most of the reduction in girder 
bending moments occurs for angles of skew larger than 45 degrees. It is also obvious 
that the effect of skew is more pronounced when the H .. value is small. This effect can 
be explained in terms of the tendency of very stiff girders to oppose the action of the 
slab in spanning in the shortest diagonal direction. Figures 4.23 through 4.28 show 
that the reduction in girder bending moment' with Ot is large for a combination of a 
large girder spacing, a small span and a small H-value. 
The reduction of maximum bending moments in the interior girders due to skew 
is always less than 5% for angles of skew up to 30 degrees. \Vhen Ot = 60 degrees, a 
reduction as much as 38% is possible. The reduction of maximum bending moments 
in the exterior girders due to skew is always less than 8% for angles of skew up to 45 
degrees. When Ot = 60 degrees the maximum possible reduction is 25%. 
Figures 4.2 through 4.7 show the variation in maximum girder bending moment 
with H for different angles of skew. It seems that the effect of skew is only a reduc-
tion in the girder moments since the shape of the diagrams remains nearly the same. 
This is especially true of the interior girders where the largest bending moment reduc-
tions take place. 
There is a'tendency for an edge girder to become the controlling girder in a skew 
bridge. This is because the bending moments in the interior girders are reduced much 
more by skew than those for the exterior girders. This tendency becomes more pro-
nounced for a combination of a large angle of skew, a small H-value, a large span and 
a small girder spacing. Chen (14) made a similar observation. However, it is found 
that the edge girder controls in only two of the 108 bridges analysed. In these particu .. 
lar two cases the edge girder maximum moment is only 0.3% and 1.0% larger than the 
maximum bending moment in the interior girders. 
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It can then be concluded that it is possible to avoid the undesired condition of 
having the controlling moment in an edge girder by keeping the truck wheels at least 
two feet away from the edge girders. This undesired condition is discussed in detail in 
Section 2.2. This conclusion is limited to bridges with spans not exceeding 80 ft. 
4 .. 0.. <Jomparison with the AASHTO Design Reeommendations for Right Bridges 
The current (1985) AASHTO Standard Specifications for Highway Bridges (5) 
permit the use of the following weH-known method for the design of right slab-and-
girder bridges subjected to truck loads. The maximum bending moment in a bridge 
girder can be obtained by applying half the load of one truck to a single isolated beam 
which has the same span as the girders in the bridge. Half the load of an HS20-44 
truck is the loads from the wheels on say the left. side of the truck. The three point 
loads resulting from the wheels on the left side of an HS20-44 truck is P /4, P and P 
for the front, middle and rear axle, where P is defined in Section 2.3.5.1. The max-
imum static bending moment in the beam obtained in this way is then multiplied by a 
wheel load fraction to obtain the corresponding maximum bending moment in the 
bridge girder. The wheel load fraction is the number of these rows of three wheels 
which the corresponding girder in the bridge has to carry. The very complex analysis 
of a slab-and-girder bridge is thus simplified to a beam subjected to a set of moving 
point loads. 
The portion of the AASHTO specifications that relate to the distribution of truck 
loads among girders may be summarized briefly as follows. For steel I-beams or pres-
tressed concrete girders, a wheel load fractions of b /5.5 is recommended for the inte-
rior girders of bridges subjected to two-lane traffic, where b, the girder spacing in feet, 
is in the range considered in this study. The bending moments in the exterior girders 
may be determined, by applying to the girder the reaction of the wheel loads, by 
assuming that the slab acts as if simply supported between adjacent girders. 
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Therefore, when the minimum distance between the edge girder and nearest wheels is 
two feet, the wheel load fraction for the. edge girders, based on the above simply sup-
ported slab action, is 2/3 for b = 6 ft and 8/9 for b = 9 ft. For the girder spacings 
considered, the AASHTO specifications further require that the wheel load fraction 
for the exterior girders must not be less than b/( 4 + b/4) for steel I-beams. Another 
requirement is that the exterior girders must be designed to have at least the same 
load carrying capacity as the interior girders. 
The maximum bending moment coefficients for interior and exterior girders 
obtained by using the AASHTO ,vheel load fractions are shown in Figs. 4.2 through 
4.7. The bending moment coefficients for the exterior girders resulting from the 
wheel load fraction b/( 4 + b/4) are not indicated. It is found that this fraction pro-
vides very conservative design moments. When the bridge span is 40, 60 and 80 ft 
this fraction gives girder design moments about 60%, 40% and 30% too high, which-
ever girder spacing is used. 
The comparisons in Figures 4.2 through 4.7 between the present results for right 
bridges without diaphragms and the current AASHTO specifications show that the 
AASHTO provisions result in bending moments for the interior girders that are in 
many cases too smalL This is especially so for combinations of large H-value, short 
span and small girder spacing. For the range of parameters considered in this study 
the b/5.5 interior girder wheel load fraction is between 12% too small and 32% too 
high. Culham (20) who analysed right bridges with intermediate diaphragms also 
found that the b/5.5 fraction gives interior girder bending moment results which are 
too small for short spans and too large for large spans. 
The figures show that the current AASHTO provision for exterior girders which 
is based on the assumption that the slab acts as if simply supported between adjacent 
girders is unconservative in most of the cases considered. It is more unsafe when H 
is small and the span is large. It is found that the girder spacing does not have any 
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significant effect. For the range of parameters considered in this study th£s specified 
AASHTO method for the exterior girders is up to 23% on the unsafe side. However, 
the AASHTO requirement that edge girders must have at least the same load carrying 
capacity as the interior girders governs in these cases. Culham (20) who analysed right 
bridges with intermediate diaphragms also found that this provision for the exterior 
girders underestimates the load carried by the exterior girder. 
It is clear from Figures 4.2 through 4.7 that the AASHTO specification which 
requires the same load carrying capacity for all the girders in the bridge leads to over-
conservative design of the exterior girders. For bridges with short spans, stiff girders 
and large girder spacings the design bending moments can be more than twice what 
they actually are. However, it may be feasible to make all girders identical. The 
designer should be more conservative in designing the exterior girders because 
monolithic curbs and parapets might possibly increase the design bending moment in 
the edge girder as discussed in Section 2.2. 
To summarize, this comparison between the present results for right bridges and 
the current AASHTO wheel load fractions shows that some improvements in the 
analysis method are desirable. The b/5.5 wheel load fraction for the interior girders 
oversimplifies the behaviour of the bridge and can result in design moments up to 
12% on the unsafe side. In other cases it is up to 32% too conservative. The recom-
mendation for design of the exterior girders as if the slab is simply supported between 
adjacent girders is unconservative in most of the cases considered. On the other 
hand, the requirement to design exterior girders to have the same load carrying capa-
city as the interior girders is very conservative for cases where the outer wheel loca-
tions are restricted to be at least two feet away from the exterior girders. 
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CHAPIERS 
DESIGN CRITERIA RIGHT SKEW SLAB-AND-GIRDER BRIDGES 
S .. l .. 
It is shown in Section 4.9 that the current (1985) AASHTO specifications for the 
distribution of wheel loads in right slab-and-girder bridges are sometimes unsafe and 
often too conservative. It is unreasonable to expect that designers should have to 
carry out a complete computer analysis of a bfidge each time that a skew bridge is to 
be designed. The need to have some sort of simplified analysis procedure for the 
girders of skew slab-and-girder bridges exists because the AASHTO design 
specifications provide no design recommendations regarding this matter. 
The purpose of this chapter is to develop a reliable method of analysis for simply 
supported, skew slab-and-girder bridges. Such a method of analysis should be easy to 
use, should approximate the true behaviour of a bridge with acceptable accuracy and 
should preferably be in a form familiar to practicing engineers. It can also be used to 
obtain trial structural member sizes for a first computer analysis. If engineers use 
improved design criteria which also take advantage of the beneficial effect of skew, 
safe and more economic bridge designs will result. 
The general format in which the criteria for the analysis of mrunmum girder 
bending moments are expressed is presented in Section 5.2. This is followed by Sec .. 
tion 5.3 in which improved analysis criteria for the maximum girder bending moments 
of n'ght bridges are developed. Section 5.4 deals with criteria for the analysis of max-
imum bending moments in the girders of skew slab-and-girder bridges. The proposed 
analysis procedure for slab-and-girder bridges is summarized in Section 5.5 in the 
form of a design algorithm which should be convenient to use in a bridge design 
office. 
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Sections 5.6 and 5.7 are concerned with girder midspan deflections and also with 
the distribution of certain dead loads. These matters are considered as of secondary 
importance in the present study and are, therefore, not elaborately investigated. 
5 .. 2.. Design Criteria Format for Girder Bending Momenta 
An accurate method of analysis for the girder bending moments in skew bridges 
is possible by using a set of design graphs like those presented in Figs. 4.2 through 
4.28. However, it is necessary to interpolate (sometimes quadratically) between the 
various graphs to obtain the design bending moments in the girders. Accurate results 
can be obtained in this way, but the successive interpolations are inconvenient. 
Although the actual distribution of load to the girders in a slab-and .. girder bridge 
is very complex 1 a fictitious load distribution which is characterized by the concept of 
a wheel load fraction can be used to account for the moments in the girders. The 
AASHTO wheel load fraction, b/5.5, for the interior girders of right bridges is based 
on research done by Newmark (75). The factor b/S.S reflects the linear trend in b 
which is observed in the present study, but it does not include the effects of Hand 
bla directly. This wheel load fraction is an oversimplification of the design equation 
proposed by Newmark which does include all relevant parameters. 
The expression of the distribution of wheel loads among girders by a wheel load 
fraction is a well established concept used in the design of slab-and-girder bridges. 
This concept is now expanded to cover skew bridges as well. Because the data from 
the present study show that the exterior girders behave differently from the interior 
girders, they are considered separately. First of all, improved wheel load fractions are 
determined for right bridges. Instead of developing independent expressions for 
wheel load fractions in skew bridges for each angle of skew, it is more convenient to 
incorporate the effect of skew by multiplying the wheel load fractions of a right bridge 
by a skew reduct£on factor. 
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Unlike Newmark's wheel load fractions, which are based on the distribution of 
load from only one axle of each truck, the current wheel load fractions are obtained 
directly from the maximum girder bending moments caused by two complete HS20-44 
trucks. Because the wheel load fraction represents a fictitious distribution of load 
which approximates the actual very complex load distribution, it can be expected that 
some scatter in computed wheel load fractions will exist. It is necessary to search for 
a combination of bridge parameters which define the wheel load fractions with the 
smallest possible scatter. 
The maximum bending moment in a girder is called the design bending moment 
Md' The design bending moment coefficient can be expressed as: 
Md/Pa = (Mstatic/Pa)(b/Q)(Z) 
with Q, b and a in feet where, 
b /Q = wheel load fraction. 
Q = a variable, currently 5.5 ft for interior girders according Ref. 5. 
Z = skew reduction factor for girder bending moments. 
Mstatic/Pa = maximum static bending moment coefficient which results when 
one rovl of three wheels (P /4, P and P) of one HS20- 44 truck is 
applied to an isolated beam which has the same span as the girders 
in the bridge. 
When a > 33 ft the maximum static bending moment coefficient is: 
(5.1 ) 
Mstatic/Pa = 12.25/a2 - 8.75/a + 9/16 ( 5.2) 
· : 
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5 .. 3 .. Criteria for Right Bridges 
5 .. 3 .. 1.. Exterior Girders 
Figure 5.1 shows Q-values for the exterior girders in right bridges which should 
be used in Eq. 5.1. It should be noted that these Q-values apply only when the 
minimum distance between the edge girder and nearest truck wheels is two feet. Fig-
ure 5.1 shows a well-defined functional relationship between Q and H(b/a)3. The 
quantity H( b/a) 3 is proportional to the vertical stiffness ratio R which is discussed in 
Section 4.8.2. The following two equations give conservative Q-values for exterior 
girders in right bridges: 
For H(b/a)3 < 0.0569, Q = 400H(b/a)3 - 478[H(b/a)3]1.1 + 6.7 ( 5.3) 
For H(b/a)3 > 0.0569, Q = 5.24H(b/a)3 + 8.74 ft ( 5.4) 
D iff erences between the Q-value data points and these lines are always conservative 
and by not more than 5%. Considering the complex behaviour of a slab-and-girder 
bridge, the above expressions for Q can be considered as very good. Q is measured in 
feet. 
5 .. 3 .. 2.. Interior Girders 
Figure 5.2 shows Q-values for the interior girders in right bridges which should 
be used in Eq. 5.1. The variable a/( 10 v'll) which were used by Newmark (75) gives 
less scatter of wheel load fractions than any other variable used in an attempt to find 
the best one. This variable originates fronl the thought that the bending moments in 
the girders should depend in some way on the relative deflections of the girders which 
are proportional to the quantity a3 lEg leg. For a particular slab the quantity a2/H 
amounts to the same thing. If a/v1I is used, a convenient linear relationship exists. 
Two well-defined Q-value data bands can be distinguished. One for the group of 
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bridges which has a girder spacing of six feet and one for the other group with a nine 
feet girder spacing. The two straight lines shown in Fig. 5.2 are conservative estimates 
for Q when b = 6 ft and b = 9 ft. According to Figs. 4.8 through 4.11 the maximum 
girder bending moments can be considered to vary linearly with b when H and a are 
kept constant. This linearity is recognized and applied to obtain conservative Q-values 
for interior girders in right bridges as follows: 
Q = (0.01538 + b/150H a/v'lf) + 4.26 + b/30 ft (5.5 ) 
Unlike Newmark's expression for Q, this expression depends on both a/v'lf and b. 
The differences between the Q-value data points and this expression for Q are always 
conservative and by not more than 8%. This includes the data points for the bridges 
with girder spacings other than six or nine feet. 
Newmark (75) proposed a straight line for Q which intersects the Q-axes at 4.4 
and 6.08. His Q-values are thus more conservative especially for bridges with large 
spans and smaner H-values. Newmark's Q-value gives 25% larger girder design 
moments than the present Q-value when the bridge has a nine feet girder spacing and 
the abscissa is four. As mentioned before, his Q-values are based on the distribution 
of a single axle load from each truck. 
The different abscissas for interior and exterior girders which are necessary to 
n 1 ,.I,f,. ,f,.<I,. l...lI • A.. A.. A.."L l·nP • J ~ ~,. .. 
ensure narrow '9:r"va!ue ua"a sca"lJer uanus POIllL out. t.He O.lnerence In tne DenaVlour 01 
interior and exterior girders. 
Chen (14) determined Q-values for skew bridges as a function of the quantity 
a/( 10v'H). The quantity a/( 10v'lf) is currently used to define the Q-values of interior 
girders in right bridges. In Chen's work, the reduction due to skew is not expressed 
in terms of a skew reduction factor. Chen's Q-values, like Newmark's, are based on 
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the load distribu tion of a single axle load of each of two trucks. Chen's results reveal 
that as the angle of skew increases, the scatter in Q-values also increases. When the 
angle of skew is 60 degrees, the maximum difference between his Q-value data points 
and the conservative linear expression for Q which he proposed is 55%. The beneficial 
girder bending moment reduction as the consequence of skew was not effectively 
incorporated into the design equation because of the large scatter. 
The skew reduction factor Z proposed in this study is defined as the ratio of the 
maximum girder bending moment in a skew bridge divided by the maximum girder 
bending moment in the corresponding right bridge. Figures 5.3 and 5.4 show the 
skew reduction factor Z for interior and exterior girders as a function of the variable 
b /( aH). The parameter b /( aH) seems to be a logical choice as variable because Fig .. 
ures 4.2 through 4 .. 28 show that the reduction due to skew is large in bridges with a 
large girder spacing, a small span and a small H-value. 
The Z-value data points for interior girders which are plotted in Fig 5.3 lie in 
wen-defined data bands for each angle of skew considered. The lines are linear expres-
sions from which conservat£ve skew reduction factors can be obtained for each angle of 
skew. The scatter in Z-values increases as the angle of skew increases. However, 
when Ot = 60 degrees, the differences between the Z-value data points and the indi-
cated straight line for Z are conservative by not more than 8.5%. Thus, the use of the 
variable b/( aH) on which the present effect of skew is based results in much less 
scatter in data than the method used by Chen. The reduction for interior girder bend .. 
ing moments due to skew is always less than 5% for angles of skew up to 30 degrees. 
At 60 degrees skew, a reduction as much as 38% is possible. 
The Z .. values for the exterior girders which are plotted in Fig. 5.4 show similar 
data bands as the interior girders. Up to 30 degrees skew, nearly no reduction takes 
place. This is also very obvious from Figs. 4.23 through 4.28. The maximum percen-
tage scatter is even less than that for the interior girders. Fig. 5.4 also shows a 1.5% 
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increase in exterior girder bending moment which is possible for small angles of skew. 
This is of no practical importance .. The reduction for exterior girder bending 
moments due to skew is always less than 8% for angles of skew up to 45 degrees. At 
60 degrees skew the maximum reduction possible is 25%. 
The Q-value expression in Fig. 5.2 is used to determine the design bending 
moment for the interior girders in a right bridge. To determine the interior girder 
bending moment in the corresponding skew bridge, this conservative design value is 
multiplied by the skew reduction factor Z in Fig. 5.3 according to the conservat£ve 
straight lines for Z. This conservatism in design bending moments adds up as follows: 
for the interior girders a maximum of 8, 8 and 15% for Q' = 30, 45 and 60 degrees 
respectively. For the exterior girders a maximum of 8, 11 and 13% for Q' = 30, 45 
and 60 degrees respectively. 
Two changes in the determination of the skew reduction factor Z are suggested. 
At first, to obtain the correct girder design moments in a skew bridge by multiplying 
Mdrigbt = Mstatic (b/Q) by Z, the Z-values should be calculated from: 
Md from analysis Z = skew 
M d~$ = Mstatic ( b /Q) rather than from: 
Md from analysis Z = skew 
Mdrigb$ from analysis 
New Z .. values obtained in this consistent way are plotted in Figs. 5.5 and 5.6. It is 
now possible to obtain Z-values for right bridges as well. Only now the factor Z 
should be considered as a correction factor and not a skew reduction factor. 
The second change suggested is a matter of choice and judgement. The question 
IS where should the straight lines for Z be drawn. The chosen Z-lines indicated in 
Figs. 5.5 and 5.6 are such that the following maximum percentage differences occur 
between the 'correct' bending moments obtained from the analyses and those 
obtained according to this proposed analysis procedure. Positive differences are con-
servative: 
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DIFFERENCES IN GIRDER BENDING MOMENTS 
Q' EX1ERIOR GIRDERS IN1ERIOR GIRDERS 
degrees % % 
0 -0.7 to + 5.0 -3.7 to + 3.7 
30 -3.4 to + 4.0 -2.7 to + 3.3 
45 -4.5 to + 5.5 -2.9 to + 3.3 
60 -6.1 to + 6.8 -4.9 to + 6.1 
The judgement reflected in these particular choices of the Z-lines in Figs. 5.5 and 5.6 
is that an error of 6.1 % on the unsafe side is not a matter of concern. The probability 
of having two HS20-44 trucks, each of them loaded to its maximum capacity, each 
located in exactly the correct position at exactly the same instant to produce the max-
imum bending moment in the girder under consideration is very small. Furthermore, 
these design moments are increased by 24 to 30%, a crude allowance for impact and 
durability eff ects. A more conservative designer can use the data in Figs. 5.5 and 5.6 
to choose his own more conservative lines for Z. 
5.5. Proposed Analysis Procedure for Slab--and-Gi:rder Bridges 
The analysis procedure for the maximum bending moments In the girders of 
slab-and-girder bridges can be summarized in the following design algorithm. D eter-
mine the maximum girder bending moments Md for a right bridge with the same 
girder spacing, span and stiffness ratio as the skew bridge and multiply this bending 
moments by the skew reduction factor Z according to the following equation: 
where, 
Md = design girder bending moment for prestressed concrete girders. Due to 
the lack of torsional stiffness in steel I-beams increase l\1d by 5% if steel 
I- beams are used as supporting girders. 
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Mstatic = maximum static bending mome~t in an isolated beam with the same span 
as the girders in the bridge. The load on the beam is half the load of 
one HS20 .. 44 truck. 
For a > 33 ft: Mstatic = (12.25/a2 - 8.75/a + 9/16)Pa 
Z = skew reduction factor as listed in the table below. In the case of a right 
bridge, Z is a correction factor. The use of linear interpolation between 
these Z .. lines for other angles of skew is less than 2% on the unsafe side. 
SKEW REDUCTION FACTORS 
Q' INTERIOR GIRDERS EXTERIOR GIRDERS 
degrees Z Z 
0 1.0 eo 1.6 b/( alI) 1.0 
30 .99 .. 2.4 b/( alI) 1.0 .. 1.6 b/( alI) 
45 .96 .. 3.7 b/( alI) .99 .. 2.6 b/( alI) 
60 .87 -6.75 b/( aH) .94 .. 4.8 b/( alI) 
b/Q = wheel load fraction ",here, Q is determined from the following equations. 
Q for interior girders is: 
Q = (0.01538 + b/150)( a/v'H) + 4.26 + b/30 
Q for exterior girders is: 
Q = 400H(b/a)3 - 478[H(b/a)3] 1.1 + 6.7 
Q = 5.24H(b/a)3 + 8.74 
for H(b/a)3 < 0.0569 
for H(b/a)3 > 0.0569 
Half of the load carried by one of the heavy axles of a truck equals P. The span, a, 
the girder spacing, b, and Q in feet. 
The above method of analysis is easy to use. With only a few calculations girder 
design moments can be obtained which are accurate enough for the purposes of 
design. For right bridges this method of analysis gives results which are within 5% of 
the data obtained from the sophisticated finite element analyses used in this study. 
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For skew bridges this method of analysis gives results which are within 7% of the data 
obtained from the analyses. Note that there will be a significant increase in the max-
imum exterior girder bending moment if the edge girder to truck wheel minimum dis-
tance of two feet is reduced. This method of analysis can also be used for bridges with 
more than five girders. 
5 .. 6 .. Girder Deflections due 
The deflection coefficients reported in Tables 4.1 through 4.38 give the midspan 
girder deflections when the trucks are located such that the maximum bending 
momen t results in the girder under consideration. The girder deflections can be 
obtained by multiplying the tabulated coefficients by Paa /(Eg leg), where Eg and leg are 
the modulus of elasticity and bending moment of inertia of an interior composite 
girder. Although the exterior composite girders are more flexible due to the short 
slab overhangs, their deflection coefficients are also expressed in terms of the bending 
moment of inertia of an interior composite girder. 
The tables show that the general effect of skew is a decrease in the girder 
deflections which is similar to the effect of skew on the girder bending moments. 
There are exceptions. In some cases it is found that a slight increase occurs in the 
exten'or girder midspan deflection when Ot is increased between 0 and 45 degrees. 
These increases are less than 3%. 
When H = 30 and Ot = 60 degrees it is found that the relative deflection 
between the centre and edge girder is less than that for a right bridge. When H = 5, 
the relative deflection becomes more if Ot is increased from 0 to 60 degrees, but not 
when the span is 40 ft. Thus, it can not be said that the deflections in a skew bridge 
are in general more nonuniform than those in a right bridge. 
An approximate way to calculate the midspan girder deflections .6. is to use the 
wheel load fraction b /Q and the skew reduction factor Z as follows: 
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~ = (~static)( b /Q)( Z) where, 
~static = the midspan girder deflection when half the load of one HS20-44 truck is 
applied to an isolated beam with the same span as the bridge girders in the 
location which produces the maximum static bending moment in the beam. 
Deflections calculated in this way are, however, not very accurate, because the two 
multipliers are based on the maximum girder bending moments and not on girder 
deflections. 
It should be pointed out that AASHTO provlslon 1.7.6 directly states that the 
girder deflections, which are limited to a/800, are the deflections computed in accor-
dance with the assumption made for loading, that is, using the wheel load fraction 
b/Q. This study shows that the exterior and interior midspan girder deflections 
obtained in this way can underestimate the true deflection by as much as 22%. 
A more appropriate way to obtain girder deflections is to use separate wheel load 
fractions and skew reduction factors which are based on the deflection data. These 
new factors are determined and the results are shown in Figs. 5.7 through 5.10. The 
wheel load fraction for deflection is b/X and the skew reduction factor for deflection 
is Y. Girder midspan deflections can be determined from: 
~ = (~static)( b / X)( Y) with ~static as defined before. 
The X-values for interior girders are shown in Fig. 5.7. A well-defined functional 
relationship exists between X and H(b/a)3. For values of H up to about 20 the X-
value data points fall along two rather smooth curves: one for b = 6 ft and one for 
b = 9 ft. Figures 4.12 through 4.14 show that linear interpolation can be used for 
girder spacings between these. 
A designer can obtain a much better value for the interior girder midspan 
deflection in a right bridge by using Fig. 5.7 instead of the b/Q wheel load fraction for 
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bending moments. 
The skew reduction factor Y for interior girder midspan deflections is shown in 
Fig. 5.8 as a function of b /( alI). A well-defined band of Y-values exists for each 
angle of skew. The maximum percentage scatter in Y-values is less than 10% and 
occurs when the angle of skew is 60 degrees. The straight lines indicated in the figure 
present conservatz"ve values for Y. If a designer uses his own less conservative Y-lines 
he can obtain deflections which are within 5% of those obtained from the finite ele .. 
ment analyses on skew bridges. 
The X-values for exterior girders are shown in Fig. 5.9. A well-defined func-
tional relation for X again exists with H(b/a)3. Here, unlike the curves for interior 
girders, the curves do not have the same shape. It should be realized that the ratio 
leg . / leg. . is not a constan t for all the bridges. However, its variation is less than 
exrenor m1ienor 
6%. It is difficult to obtain a reliable deflection for the exterior girders because of the 
unknown stiffening effect of the curbs. Figure 5.9 is for bridges in which the effect of 
the curbs is ignored. It can be used to estimate the exterior girder midspan deflection 
in a right slab-and-girder bridge. 
The skew reduction factor Y for exterior girder midspan deflections is shown in 
Fifr. 5.10 as a function of b/( alI), The maximum Dercentag:e scatter in Y-value data U I , J .a......, 
points is even less than that for the interior girders. This figure can be used to esti-
mate the exterior girder midspan deflection in a skew bridge in a similar way as what is 
done for the interior girders. 
0 .. 7" Girder Bending Moments to 
Although the determination of the behaviour of a bridge under dead load is not a 
major goal of the present study, the following two dead load cases are considered. A 
good discussion of the various dead load effects which should be considered in the 
design of a slab .. and-girder bridge can be found in Ref. 75. 
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5 .. 7 .. 1. Curbs and Parapets 
Concrete curbs and parapets are normally constructed after the slab concrete is 
strong enough to act compositely with the supporting girders. The weight of the curbs 
is thus transversely distributed over the full width of the bridge. If the load per unit 
length of one of the curbs and parapets is c, the total ma.ximum static bending 
moment on the bridge equals (2/8) ca2. It is assumed that the two line loads act 
directly above the edge girders. 
The maximum girder bending moments Meg which result from this loading condi-
tion are reported in Table 5.1. The longitudinal bending moments in the slab Ms are 
again ignored. The girder bending moments are expressed as fractions of the total 
static bending momen t on the bridge. 
Table 5.1 shows that the behaviour of the girders under this load is different from 
the behaviour when they are subjected to truck loads. When H increases the max-
imum bending moment in the edge girder increases while the maximum moments in 
all the interior girders decrease. The exterior girder bending moment influence line in 
Fig. 3.21 reveals why the behaviour is different. The transverse influence line for the 
midspan bending moment in the exterior girder may also be interpreted as a bending 
moment diagram due to a concentrated load on top of the exterior girder at midspan. 
This is due to the reciprocal relation between loads and longitudinal curvatures which 
is described by Newmark (72). The influence diagram clearly shows that when H 
increases, the bending moment in the edge girder increases while those in the interior 
girders decrease. 
Table 5.1 further shows that when b/a increases, the maxImum exterior girder 
bending moment fraction increases while those of the interior girders decrease. In the 
case of truck loads it is necessary to know H, b and b/a to determine the distribution 
of loads. Now the behaviour is determined by only the H and the b /a ratio. 
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The effect of skew on the distribution of these line loads is less pronounced than 
when the bridge is subjected to truck loads. The effect of skew on the exterior girder 
is always a reduction in the maximum bending moment. The largest reductions occur 
when a and bja are large and when H is small. When Of is 60 degrees, the largest 
reduction is 14%, whereas, the similar reduction for truck loads is 25%. 
! 
In most· cases considered the effect of skew on the interior girder bending 
moments due to the line loads, c, is an increase in the maximum bending moments. 
However, for very flexible girders, H = 5, it turns out that the moments in the inte-
rior girders increase as Of is increased to 45 degrees, whereafter moment reductions 
occur for any further increase in Of. When Of = 60 degrees and I1 = 5, the bending 
moments are still larger than those for the right bridge. In most cases the effect of 
skew is more pronounced when Hand b/a are large. 
For a right bridge each edge girder carries between 29 and 45% of the total static 
bending moment. The second girder, girder B, carries between 6 and 15%. The 
moment in the centre girder is always less than 10% of the total maximum static 
bending moment on the bridge. 
It is not really worth while to consider the quite small effect of skew when th~ 
distribution of the two line loads are determined. For instance, the largest reduction 
in the maximum exterior girder bending moment is only about 5% of the total max-
imum static bending moment. The largest increase in the maximum interior girder 
bending moment is also about 5% of the total static bending moment. 
There is a considerable shift in the point of maximum bending moment in girder 
B for large angles of skew. The location of the maximum bending moment is approx-
imately where a transverse line which originates at midspan of the exterior girder 
intersects with girder B. 
A~t\SHTO provision 1.3.1( B2a) states that the dead load from curbs and railings 
may be equally distributed to all the girders. This is obviously an unrealistic and 
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unsafe assumption. 
5,,7,,2 .. Roadway Resurfaeing Load 
The second type of dead load considered is a uniformly distributed load of inten-
sity w applied to the total deck area between the faces of the curbs. This type of load-
ing results as the consequence of additional layers of roadway resurfacing material. 
Girder bending moments expressed as fractions of the total maximum static 
bending moment on the bridge are listed in Table 5.2. The total maximum static 
bending moment on the bridge equals (1/8)( 4bw) a2• 
Except for some cases when at = 60 degrees an 1ncrease 1n H results in a 
decrease in the exterior girder bending moments. An increase in H results in an 
increase in the interior girder bending moments. However, it is possible to have a 
decrease in interior girder bending moment when H is increased between 20 and 30 in 
right bridges. 
An increase in the b/a ratio always results in a decrease in the maximum exterior 
girder bending moment, but it can decrease or increase the interior girder bending 
moments. 
The exterior girder bending moment is rather insensitive to the angle of skew. 
The maximum reduction when at = 60 degrees is only 3% of the total maximum 
static bending moment. A slight increase in moment is possible when at is increased 
between 0 and 45 degrees. 
The effect of skew on the interior girder bending moments is al,vays a reduction 
1n moment. The interior girders are more sensitive to the angle of skew than the 
exterior girders. However, the maximum reduction at 60 degrees skew is only 11 % of 
the total maximum static bending moment. 
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The assumption that each interior girder in a right bridge carries a width of load 
equal to the girder spacing and each exterior girder carries a width of load equal to 
half the girder spacing results in a distribution of load which is correct within 4.5% of 
the total static bending moment on the bridge. 
Summary 
III 
CHAP1.ER 6 
SUMl\1ARY AND ·CONCLUSIONS 
This study is concerned with the behaviour of simply supported, right and skew 
slab-and-girder bridges subjected to truck loads. A simplified procedure is proposed for 
the determination of live load momemts in each girder which is sufficiently accurate 
for all practical purposes. 
The abutments of skew slab-and-girder bridges are not perpendicular to the gir-
ders which span in the direction of the traffic. Many skew highway bridges have 
already been built in grade separations where the intersecting roads are not perpendic-
ular to one another. They are also necessary where natural or existing man-made 0 bs-
tacles prevent a perpendicular crossing and consequently they are commonly found in 
mountainous areas. In many cases, the lack of space at complex intersections and in 
congested built-up areas may also require bridges to be built on skew alignment. 
A literature survey shows that there is no information available which tells a 
bridge design engineer exactly how to take account of the effects of skew when 
designing a slab-and-girder bridge. In existing research papers the effects of skew are 
determined and explained, but are not presented in such a way that a designer knows 
quantitatively what to do. Therefore, research on skew slab-and-girder bridges with 
the goal to develop design criteria which include the effects of skew is desirable. 
With this goal in mind a parametric study was done by analysing 108 different 
simply supported slab-and-girder bridges subjected to two AASHTO HS20-44 trucks. 
With the aid of a HARRIS-800 computer, the finite element method was used to 
analyse these bridges. The girders were modelled as eccentric stiffeners which cause 
shear lag in the slab. Only five-girder bridges were analysed, but it is shown that the 
results of a five-girder bridge can conservatively be applied to bridges which have 
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more girders. Only steel I-beam and precast prestressed concrete girders were con-
sidered. The torsional stiffness of the precast prestressed concrete girders used was 
taken into account and the difference between the effects of precast concrete and steel 
I-beam girders is demonstrated. Except for rigid diaphragms at the abutments no 
internal diaphragms were considered. The minimum distance between the edge girder 
and nearest truck wheels was taken as t,vo feet. The stiffening effect of the curbs and 
parapets was ignored. The bridge spans considered were between 40 and 80 ft, the 
girder spacings between 6 and 9 ft and the angle of skew, 0', defined in Fig. 2.1, 
between 0 and 60 degrees. The typical bridge analysed is shown in Fig. 2.1. 
The data from these analyses were used to determine the behaviour of a slab .. 
and-girder bridge for different structural properties of the bridge members. The 
emphasis is on the ~aximum girder bending moments resulting from the distribution 
of truck loads. The present results for right bridges are compared with those accord-
ing to the current (1985) AASHTO design recommendations. With the bridge 
behaviour known, the data from the analyses were interpreted to formulate a simple 
analysis procedure for right and skew slab-and-girder bridges. This analysis procedure 
can be used to obtain girder bending moments which are within 7% of the data 
obtained from the finite element analyses. Live load girder deflections and dead load 
girder bending moments resulting from the curbs and roadway resurfacing layers are 
also discussed. 
No closed form exact solutions exist for skew slab-and-girder bridges with which 
results can be compared. Therefore, it was first necessary to determine if the nine .. 
node Lagrangian .. type shell element, which was used to model the skew bridge deck 
provided correct results when used in a skew configuration. Furthermore, it was 
necessary to perform a convergence study on a typical bridge to determine how much 
the mesh had to be refined to ensure reliable results. For the purpose of comparing 
results the finite element mesh selected was used to analyse slab-and-girder bridges 
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for which solutions existed. 
Conclusions 
The most important conclusions drawn from this study are summarized below. 
They are grouped into the following catagories: design criteria, behaviour of the 
bridge; method of structural analysis and errors that can be expected. 
6 .. 2.. Conclusions Regarding Design Criteria 
The method of analysis proposed in Chapter 5 can be used to determine the max .. 
imum girder bending moments in simply supported, right and skew slab-and-girder 
bridges subjected to two-lane truck loads. The design moments obtained in this way 
are within 7% of the moments obtained from the finite element analyses in this study. 
If the 'wheel load fractions for girder bending moment are used to determine 
girder midspan deflections the results can underestimate the true deflections by 22%. 
For the range of parameters considered in this study, the AASHTO wheel load 
fraction b/5.5 for interior girders gives results which are between 12% on the unsafe 
side and 32% too large. It is likely that the interior girder bending moments will be 
underestimated for bridges with a large H-value, a small span and a small girder spac-
Ing. The AASHTO method to determine the maximum exterior girder bending 
moment by assuming that the slab acts as if simply supported between girders 
underestimates the actual exterior girder bending moments in most of the bridges 
considered. It gives bending moments which are up to 23% too small. The AASHTO 
exterior girder wheel load fraction b/( 4 + b/4) for steel I .. beams yields results which 
are between 30 and 60% too large. 
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Con.clusions Regardin.g the Behaviour 
The effect of skew is a reduction in the girder bending moments. The larger the 
angle of skew and the ratio b/( aH), the larger the resulting reductions. The max-
imum interior girder bending moment reduction as a consequence of skew is always 
less than 5% for angles of skew up to 30 degrees, but the reduction is as large as 38% 
when a = 60 degrees. The exterior girders are less affected by skew. The maximum 
exterior girder bending moment reduction as the consequence of skew is always less 
than 8% for angles of skew up to 45 degrees, but the reduction is as large as 25% 
when a = 60 degrees. For all girders, the most significant reductions occur when the 
angle of skew is more than 45 degrees. 
Because the exterior girders are less affected by skew than the interior girders 
there is a tendency for the edge girder to become the controlling girder in a skew 
bridge. This tendency is more pronounced in a bridge with a large angle of skew, a 
small H-value, a large span and a small girder spacing. However, by keeping the faces 
of the curbs directly above the edge girders, the maximum bending moment always 
occurs in an interior girder for spans up to 80 ft. 
A study of a practical skew bridge in which the length of the slab overhang at the 
edge girders is increased from 19 to 39 inches shows that the resulting change in the 
edge girder bending stiffness has only a 3% effect on the maximum edge girder bend-
ing moment, while the interior girders are hardly affected at all. Although the length 
of the overhang is not important in itself, it does determine the location of the face of 
the curb, which is very important. A designer can successfully avoid having the con-
trolling design moment in an edge girder by keeping the face of the curb directly 
above the edge girder. This applies only to bridges with spans up to 80 ft. 
The results for -five-girder bridges can conservatively be used for bridges which 
have more girders. This is true for both right and skew bridges. The differences in 
girder bending moments between bridges with different number of girders are smaller 
115 
when Hand b become larger. 
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The maximum girder bending moments are insensitive to moderate changes in 
the girder torsional stiffness. The effect which an increase in the girder torsional 
stiffness has on the maximum girder bending moments resulting from truck loads is 
similar to the effect of increasing the slab thickness. When the girder torsional 
stiffness is reduced, the maximum bending moments in the interior girders increase. 
The effect of girder torsional stiffness becomes larger with increasing skew. Even for 
Q' = 60 degrees the bending moment differences between girders with and without 
torsional stiffness are still in the order of five percent, which is small. 
The presence of stiff end diaphragms can reduce the maximum bending moments 
In the interior girders of a skew bridge subjected to truck loads. This is especially 
noticeable in bridges with short spans, large angles of skew and sman values for H. 
The edge girders are not significantly effected by the presence of end diaphragms. 
In skew slab-and .. girder bridges the point of maximum bending moment in the 
exterior and first interior girder can shift with as much as 6% of the span away from 
midspan. The bending moment envelope diagrams for an girders are noticeably flat in 
the region of maximum bending moment. 
The maximum bending moment in the interior girders always increases when H 
increases. The effect of a change in H is larger when the H-value is small. However, 
the maximum interior girder bending moment is insensitive to moderate changes in H 
which is fortunate because many uncertainties surround the true value of H. The 
edge girder bending moments are extremely insensitive to variations in H. An 
increase in H normally results in a very small decrease in the edge girder maximum 
bending moment. The exception is when Q' = 60 degrees when a small increase in 
the maximum exterior girder bending moment is possible if H increases between H = 
5 and H ~ 15. 
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All maximum girder bending moments and midspan defections due to truck loads 
increase when the ratio b/a is increased by varying the girder spacing, b. It turns out 
that this variation with the b/a ratio is almost linear. The maximum girder bending 
moments due to truck loads decrease when b/a is increased by varying the span, a. 
Conclusions Regarding Method Analysis 
A nine-node Lagrangian-type isoparametric thin shell element behaves much 
better under skew distortion than a similar eight-node serendipity element. When a 
rectangular shell element which is used to model the skew deck is distorted into a 
parallelogram which fits into the skew network, the element becomes too stiff in 
bending as wen as in membrane action. Element quality decreases with increasing 
skew and decreases rapidly for angles of skew larger than 40 degrees. However, 
sufficient accuracy can be maintained by refining the mesh. If the slab is modelled 
with finite elements which act too stiff, the girder bending moment results will be too 
small because the stiffer deck distributes the loads better than it should. 
A convergence study on a typical slab-and-girder bridge shows that there is a limit 
to mesh refinement after which the increase in computational cost is not justified 
because it does not lead to more reliable results. Numerical problems may result 
when the girders in the bridge are very stiff compared to the bending stiffness of the 
slab. 
Present solutions for right slab-and-girder bridges compare very wen with an 
existing finite element solution by Mehrain (63) and with an exact solution for a non-
composite bridge by Newmark (75). A present solution for a skew noncomposite 
five-girder bridge with Q' = 60 degrees is in poor agreement with a finite difference 
solution by Chen (14). Differences as much as 42% exist. Chen used a very coarse 
finite difference grid. Certain selected important girder bottom fibre stresses in the 
present solution of a 40 degrees skew seven-girder bridge differ by as much as 7.5% 
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from a finite element solution by Powell (86). There is reason to accept the current 
analysis because the current shell element which is used to model the skew deck 
behaves much better in skewed configuration than the element used by Powell. 
6 .. 2 .. 4" Conclusions Regarding Errors that ean be Expected 
Results from five right bridges subjected to truck loads and having member pro-
perties which cover a large range of bridges show that the use of the bending moment 
of inertia of a composite girder leg to calculate the bottom fibre stress gives results 
which are less than 6% in error, which is quite acceptable. This is due to the approxi-
mation of shear lag in the slab by the use of an effective flange width. The contribu-
tion of the longitudinal bending moment Ms in the flange of a composite girder to the 
total bending moment Meg acting on a composite girder can be ignored. Its inclusion 
does not ensure smaller stress errors when leg is used to calculate girder bending 
stresses. The longitudinal bending moments in the slab Ms are larger when H 
becomes smaller. For the five right bridges considered, Ms is less than 3.5% of Meg. 
Errors in bottom fibre stresses of girders calculated by using leg are considerably larger 
when a bridge is subjected to a single point load instead of truck loads. 
A comparison between two bridges with the same H-value, but with different 
girder properties and slab thicknesses shows that the maximum girder bending 
moments can differ by 2% when the bridge is subjected to truck loads. These small 
diff erences are due to the fact that H depends on the effective flange width which 
approximates the effect of shear lag in the slab. 
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Recommendati()ns f()r Further Researclt 
Further research on skew slab-and-girder bridges is necessary, especially research 
with the goal to develop design criteria for aspects of bridge design not covered in this 
report. Designers still have the following questions regarding the design of skew 
slab-and-girder bridges: 
1. How does skew affect the bending moments in the slab? 
2. What are the magnitudes of the design forces in the diaphragms at the abutments? 
3. How should the support bearing reactions be adjusted to compensate for skew? 
4. Is torsion in the girders a problem at the obtuse corners of the bridge? 
5. For what shear forces should the girders be designed? 
6. Can the present. analysis procedure be extended to cover continuous skew bridges? 
7. Are internal transverse diaphragms worthwhile? 
8. Are bridge-to-diaphragm connections effective? 
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Table 2.1 Properties or Supporting Girders Used in the Parameter Study 
--------------~-~~---------------------------------------------------
b 2 II t Girder A Asx J Igx e leg Type 
g 
ft ft in in2 in2 in4 in4 in in4 
____ ~~ _____ • __ L.-..... cs.. ......... ___ c;:'QO ....... ,..~ ______________________________ --------------------
5 10,304 IL-42 465 246 12185 90956 29.502 364697 
9 80 10 8.392 PCI-3 560 308 18142 125390 28.926 394021 
20 7.951 PCI-4 789 422 34211 260730 33.246 670239 
30 80016 PCI-5 1013 515 48688 521180 35.048 1030174 
5 9.513 IL-36 357 209 7041 48648 25.387 215259 
9 60 10 10.On8 IL-48 570 341 16443 144117 31.914 501238 
20 8.331 IL-54 599 312 19153 213715 33.195 578125 
30 7.538 PCI-4 789 422 33345 260730 33.064 655325 
5 8.S83 PCI-l 276 164 4886 22750 19.701 105373 
9 40 10 8.450 IL-36 357 209 6790 48648 24.855 201107 
.~~!fJ '0,76 YL-42 465 246 11238 90956 28.238 313467 
30 7Q513 IL-48 570 341 15265 144117 30.696 434279 
_ .... ~ ___ '\Q"):It~~.~ ... __ '::: 3_C"2aD·';I."1Dr-.~·--"D' z.. .......... :=rJ ....... .."..., __ ...... __________ ........ ____________ ....... _______________________ 
5 5).798 11,-42 465 246 12049 90956 29.249 313585 
(; 80 10 '"I ~,J75 IL-42 465 246 10921 90956 2~L037 267387 
20 . 7.078 IL-54 599 312 17718 213715 32.569 472726 
30 7.654 PCI-5 1013 515 47030 521180 34.867 896771 
5 9.070 IL-36 357 209 6912 48648 25.165 186533 
6 60 10 fL291 IL-42 465 246 11459 90956 28.496 285003 
20 7.170 IL-48 570 341 15154 144117 30.495 368585 
;} 0 7.181 PCI-4 789 422 32462 260730 32.861 555546 
5 8.193 rCI-l 2716 164 4809 22750 19.506 91653 
6 4:0 10 8.048 IL-36 357 209 6835 48648 24.654 173731 
2'0 7.375 11.-42 465 246 11017" 90956 28.037 267387 
30 Fj 1 ,'" (\ ,V _.AI 0 lI:"'Ifl " A 11 15049 '1 A -II "'11 'II Pi' 30.495 368585 ! • Ji. I VI .ll.j,J-"'D' 0 .J I 'I.J .;:I"'D'~ J.'t'tJ.J.! 
....... ....,. ___ ~ __ ........ _:I!It!m """ ....... ~_,=_=_C1Z;>~"""' _ _= ____________ .. _ ....... ____________ ............... _____________________ 
7.5 80 :5 100086 IL-42 465 246 11959 90956 29.393 342028 
30 '1.850 PCI-5 1013 515 47923 521180 34.965 967627 
_" :J.,..,_ ................. ___ ,....".,...o<.;;m>.......,GDU....,... ..... rJ_._ ............. .",.,_<:ao _______________ """"'" _____ <=III...".". ______ CIOOIO ___________________ 
7~S 40 5 8.414 PCI-1 276 164 4255 22750 19.617 99296 
30 7.395 IL-48 570 341 15254 144117 30.608 404448 
____ CM; __ """"'_ ....... ...-.-.-,-,.,..no=--_"""""."""""c:-_____ ....... ________ c:.oo>_""""' _______ -=-______ ......... ____________________ 
6075 40 5 8.312 PCI-1 276 164 4905 22750 19.566 95713 
s:r<t_" ..... _~ __ .:lII:iD_'""""'_ ............. __ ~<... ...... _ .............. __ ., _______ .............. c::IIIrmo ____________________ ....... __________________ 
8.25 4D 5 8.504 PCI-1 276 164 4903 22750 19.662 102493 
....... ..,.._"""" __ ........ _________ lItIDII=_ ...... ~.~ _________ _=> ________________________________________ 
Notes: 
1. PCI- = AASHTO-PCI standard prestressed concrete I-sections. 
2. IL- = Illinois standard prestressed concrete I-sections. 
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Table 3.1 Element In .. Plane Behaviour: Rectangular Cantilever Beam 
Element Name 
LLSP 
QLSHELL 
Beam Theory 
Mesh Noo 
1 
2 
4 
1 
2 
4 
Total 
Number of 
Equations 
96 
318 
.866 
170 
594 
1666 
Vertical 
Deflection 
at A(in) 
0.3245 
0.3493 
0.3548 
0.3553 
0.3559 
0.3560 
0.3558 
Horizontal 
Stress at 
E (:Its i) 
54.98 
59.02 
59.85 
59.97 
59.99 
59.99 
60.00 
------ ------------------------------------------------------------
Table 3.2 
Angle of 
Skew (deg.) 
o 
30 
40 
50 
60 
Element In-Plane Behaviour: Skew Cantilever Beam 
Vertical Deflection at Point A (in) 
Mesh 1 
2X8 
0.3553 
0 .. 2875 
0 .. 2382 
0 .. 1793 
0 .. 1120 
Mesh 2 
4X16 
0.3559 
0.2892 
0.2407 
0.1823 
0.1164 
Mesh 3 
8X18 
0.3560 
0.2908 
0.2431 
0.1858 
0.1226 
Mesh 4 
8X24 
0.3560 
0.2906 
0.2428 
0.1855 
0.1223 
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Table 3.3 Deflection Convergence for Q = 0 degrees (Mesh 1,2,3) 
------------------------------------------------------------
Case Load Deflection x 103 (in) at Point 
OJ. = Acting 
0 deg. at -----------------------------------------------------
Point A B C D E F 
-~------------------------------------------------------------
A -15.09 -5.755 -1.103 .3482 .7648 -6.076 
C -1.103 -4.859 -8.422 -4.859 -1.103 -.4753 
F -6.076 -2.456 -.4753 .1509 .3209 -4.127 
Mesh 1 G ';"'3.542 -4.941 -2.979 -.8669 .2148 -1.726 
H -10.09 -7.788 -2.832 - .3842 .6061 -4.151 
I -1.861 -6.071 -8.029 -3.795 -.5468 -.8078 
J -1.793 -4.240 -4.164 --1.792 -.0885 -.7747 
K .0618 -.8986 -2.485 -3.225 -1.794 .0382 
----------=-------------------------------------------------------------
A -15.08 -5.735 -1.092 .3528 .7649 -6.072 
C -1.092 -4.844 -8.415 -4.844 -1.092 -.4714 
F -6.072 -2.453 -.4714 .1529 .3210 -4.128 
Mesh 2 G -3.537 -4.933 -2.975 -.8628 .2177 -1.715 
H -10.08 -7.774 -2.818 -.3780 .6082 -4.148 
I -1.847 -6.056 -8.023 -30781 -.5374 -.8039 
J-
-1.787 -4.235 -4.159 -1.789 -.0839 -.7651 
K .0644 -.8961 -2.482 -3.221 -1.791 .0397 
---------~~~~------~---~-------~--~-------------------------------------
A -15.08 -5.734 -1.091 .3529 .7649 -6.072 
C -1$091 -4.843 -80415 -4.843 -1.091 -.4712 
F -6.072 -2.453 -.4712 .1529 .3210 -4.127 
Mesh. 3 G -3.537 -4.933 -2.975 -.8627 .2178 -1.715 
II ~10.08 -7.772 -2.818 -.3777 .6083 -4.148 
I -lG847 -6.055 -8.020 -3.780 -.5371 -.8037 
J -1.786 -4.234 -4.158 -1.788 -.0837 -.7647 
K .0645 -.8960 -2.482 -3.221 -1.791 .0397 
""'"'~-~ ...... -----------...... ------------- ....... -------------------....... - ---------
A 0.1 0.4 1.1 -1.3 0.0 0.1 
% Change C 1.1 0.3 0.1 0.3 1.1 0.9 
Between F 0.1 0.1 0.9 -1.3 0.0 0.0 
Mesh 3 G 0.1 0.2 0.1 0.5 -1.4 0.6 
and H 0.1 0.2 0.5 1.7 -0.4 0.1 
Mesh 1 I 0.8 0.3 0.1 0.4 1.8 0.5 
J 0.4 0.1 0.1 0.2 5.7 1.3 
K -4.2 0.3 0.1 0.1 0.2 -3.8 
-------_ ........ _--- ....... _-----------------------------------------------------
A 0.0 0.0 0.1 0.0 0.0 0.0 
% Change C 0.1 0.0 0.0 0.0 0.1 0.0 
Between F 0.0 0.0 0.0 0.0 0.0 0.0 
Mesh 3 G 0.0 0.0 0.0 0.0 0.0 0.0 
and H 0.0 0.0 0.0 0.1 0.0 0.0 
Mesh 2 I 0.0 0.0 0.0 0.0 0.1 0.0 
J 0.1 0.0 0.0 0.1 0.2 0.1 
K -0.2 0.0 0.0 0.0 0.0 0.0 
------------------------------------------------------------------------
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Table 3.4 Girder Bending Moment Convergence for a = 0 degrees (Mesh 1,2,3) 
Case Load Bending Moments in Girders (in-lb) Near Point 
a = Acting (Actual location is 10.178' left of ref. point) 
o deg. at ---------------------------------------------
Point A B C D E F 
---------------------------------
A 69672. 21510. 4010. -1300. -3051. 15713. 
C 4088. 18283 44425. 18283. 4088. 1425. 
F 17689. 8689. 1859. -541.2 -1273 38540. 
Mesh 1 G 12718. 13453. 10470. 3229. -768.3 7374. 
H 42716. 34702. 10065. 1393. -2346. 11384. 
I 6747. 24915. 39848. 13696. 2090. 2557. 
J 6861. 12655. 12354. 6711. 412.9 2240. 
K -182.8 3399. 7766. 8405. 6677. -272.9 
---------------------_ ...... _--------------------------
A 69626. 21587 • 4001. -1309. -3052. 15105. 
C 4079. 18324. 44372. 18324. 4079. 1451. 
F 17683. 8688. 1862. -543.4 -1273. 38478. 
Mesh 2 G 12710. 13456. 10461. 3234. -169.8 7402. 
H 42850. 34852. 10081. 1383. -2350. 11406. 
I 6750. 24950. 39615. 13748. 2080. 2583. 
J 6860. 12658. 12362. 6708. 414.2 2266. 
K ~181.5 3397. 7752. 8388. 6662. -269.1 
..... , ........ :.-----------------------------------------------............. 
A 69625. 21590. 4000. -1309. -3053. 15700. 
C 4079. 18326. 44371. 18326. 4079. 1455. 
F 17679. 8694. 1864. -543.8 -1273. 38467. 
Mesh 3 G 12715. 13451. 10465. 3236. -770.0 1407. 
H 42855. 348580 10082. 1382. -2350. 11383. 
I 6749. 24950. 39650. 13749. 2080. 2587. 
J 6863. 12670. 12375. 6712. 414.5 2272. 
I -181.6 3401. 1756. 8404. 6668. -269.7 
------_ ....... _---_..-_---------------------------------------------_ ....... _--
A 0.1 "'0.4 0.3 --0.1 --0.1 0.1 
% Change C 0.2 -0.2 0.1 -0.2 0.2 -2.1 
Between F 0.1 -0.1 -0.3 -0.5 0.0 0.2 
Mesh 3 G 0.0 0.0 0.0 -0.2 -0.2 -0.4 
and H "'0.3 -0.4 -0.2 0.8 -0.2 0.0 
Mesh 1 I 0.0 -0.1 0.5 -0.4 0.5 -1.2 
J 0.0 -0.1 -0.2 0.0 -0.4 -1.4 
K 0.1 -0.1 0.1 0.0 0.1 1.2 
---------------------------------------------------------------
A 0.0 0.0 0.0 0.0 0.0 0.0 
% Change C 0.0 0.0 0.0 0.0 0.0 -0.3 
Between F 0.0 -0.1 -0.1 -0.1 0.0 0.0 
Mesh 3 G 0.0 0.0 0.0 -0.1 0.0 -0.1 
and H 0.0 0.0 0.0 0.1 0.0 0.2 
Mesh 2 I 0.0 0.0 -0.1 0.0 0.0 -0.2 
J 0.0 -0.1 -0.1 -0.1 -0.1 -0.3 
I --0.1 -0.1 "'0.1 -0.2 -0.1 -0.2 
------------------------------------------------------------------------
Table 3.5 
Case 
a = 
o deg .. 
Mesh 1 
Mesh 2 
Mesh 3 
% Change 
Between 
Mesh 3 
and 
Mesh 1 
% Change 
Between 
Mesh 3 
and 
Mesh 2 
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Girder Axial Force Convergence for a = 0 degrees (Mesh 1,2,3) 
Load Axial Forces in Girders (Pounds) Near Point 
Acting (Actual location is 10.778' left of ref. point) 
at ------------------------------------------------------
Point 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
7910. 
188.1 
2224. 
1300. 
4756. 
442.0 
563.9 
-55.45 
7905. 
187.1 
2223. 
1299. 
4764. 
442.2 
564.0 
-55.73 
7904. 
187.1 
2223. 
1299. 
4764. 
442.1 
563.8 
-55.74 
n "I V • .lI. 
0.5 
0.0 
0.1 
-0.2 
0.0 
0.0 
-0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
B 
2197. 
2178. 
913.3 
1829. 
4065. 
3028. 
1691. 
361.3 
2210. 
2185. 
915.1 
1831. 
4075. 
3033. 
1690. 
361.7 
2210. 
2185. 
915.0 
1831. 
4075. 
3033. 
1690. 
361.5 
~O.6 
-0.3 
-0.2 
-0.1 
-0.2 
-0.2 
0.1 
-0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
c 
198.0 
5274. 
94.39 
1293. 
1031. 
4845. 
1685. 
1019. 
196.5 
5269. 
94.61 
1292. 
1035. 
4829. 
1685. 
1019. 
196.4 
5269. 
94.54 
1292. 
1035. 
4831. 
1685. 
1019. 
f\ Q 
v.v 
0.1 
-0.2 
0.1 
-0.4 
0.3 
0.0 
0.0 
0.1 
0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
D 
-160.8 
2178. 
-72.93 
309.1 
91.44 
1570. 
753.9 
1142. 
-162.4 
2185. 
-73.72 
309.7 
90.04 
1576. 
754.0 
1143. 
-162.4 
2185. 
-73.74 
309.6 
89.96 
1576. 
753.9 
1143. 
_1 f\ 
..... v 
-0.3 
-1.1 
-0.2 
1.6 
-0.4 
0.0 
-0.1 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
E 
3.587 
188.1 
-3.223 
-79.20 
-74.04 
24.38 
-51.71 
627.9 
3.466 
187.1 
-3.316 
-79.75 
-74.42 
23.10 
-51.94 
627.8 
3.476 
187.1 
-3.304 
-79.77 
-74.43 
23.02 
-51.97 
627.5 
3.2 
0.5 
-2.5 
-0.7 
-0.5 
5.9 
-0.5 
0.1 
-0.3 
0.0 
0.4 
0.0 
0.0 
0.3 
-0.1 
0,.0 
F 
1895. 
95.56 
3869. 
727.0 
1305. 
212.5 
181.6 
-16.69 
1894. 
94.90 
3866. 
728.6 
1304. 
211.7 
181.5 
-17.69 
1894. 
94.73 
3866. 
728.5 
1304. 
211.5 
181.3 
-17.69 
0.9 
0.1 
-0.2 
0.1 
0.5 
0.2 
-5.7 
0.0 
0.2 
0.0 
0.0 
0.0 
0.1 
0.1 
0.0 
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Urban.a~ 
Table 3.6 Deflection Convergence for Ot = 60 degrees (Mesh 1,2,3) 
--------,--------------------------------------------------------------
Case Load Deflection x 103 (in) at Point 
a. = Acting 
60 deg. at ------------------------------------------------------
Mesh 1 
Mesh 2 
Mesh 3 
% Change 
Between 
Mesh 3 
and 
Mesh 1 
% Change 
Between 
Mesh 3 
and 
Mesh 2 
Point 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
-12.62 
-1.291 
-4.356 
-1.969 
-7.414 
-1.726 
-1 .. 124 
-.1678 
-12.64 
-1.281 
-4.363 
-1.960 
-7.413 
-1.716 
-1.119 
-.1658 
~12.65 
-1 .. 279 
-4.365 
-1.958 
-7.413 
-1 .. 715 
-1.120 
-.1650 
-0.2 
0 .. 9 
-0.2 
0.6 
0.0 
0.6 
0.4 
1 .. 7 
-0 .. 1 
0.2 
0.0 
0.1 
0.0 
0 .. 1 
-0.1 
0.5 
B 
-4 .. 107 
-2.974 
-2.154 
-3.317 
-5.280 
-3.806 
-2 .. 232 
-.4110 
-4.086 
-2 .. 961 
-2,,152 
-3 ,,317 
-5 .. 279 
-3.794 
-2 .. 230 
-.4064 
-4.085 
-2 .. 960 
-2.152 
-3.319 
-5 .. 278 
-3.794 
-2.233 
.... 4053 
0.5 
Oe5 
Oel 
-0.1 
0.0 
0.3 
0.0 
1 .. 4 
0.0 
0.0 
0.0 
-0.1 
0.0 
0.0 
-0.1 
0.3 
c 
-1.291 
-6.035 
- .. 6918 
-2 .. 420 
-1.907 
-5.546 
-3'0338 
-1.118 
-1.281 
-6.054 
-.6844 
-2.419 
-1.897 
"'5.542 
-3.347 
-1.108 
-1.279 
-6.056 
-.6834 
-2.419 
-1.895 
-5.543 
-3.346 
-1.107 
0.9 
-0.3 
1.2 
0.0 
0.6 
0.1 
-0.2 
1.0 
0.2 
0.0 
0.1 
0.0 
0.1 
0.0 
0.0 
0.1 
D 
-.4180 
-2.974 
-.2218 
-.8475 
-.6458 
-2.312 
-1.479 
-2.453 
-.4145 
-2.961 
-.2187 
-.8401 
-.6416 
-2.300 
-1.473 
-2.461 
.... 4133 
-2.960 
.... 2182 
-.8394 
-.6406 
-2.299 
-1.471 
-2.464 
1 .. 1 
0.5 
1.6 
1.0 
0.8 
0.6 
0.5 
"'0.4 
0.3 
0.0 
0.2 
0.1 
0.2 
0.0 
0.1 
-0.1 
E 
-.1559 
-1.291 
-.0819 
-.3237 
-.2490 
-.9702 
-.5726 
-1.894 
-.1543 
-1.281 
-.0808 
-.3198 
-.2470 
-.9625 
-.5648 
-1.896 
-.1536 
-1.279 
-.0805 
-.3189 
.... 2462 
-.9607 
-.5627 
-1.897 
1.5 
0.9 
1.7 
1.5 
1.1 
1.0 
1.8 
-0.2 
0.5 
0.2 
0.4 
0.3 
0.3 
002 
0.4 
-0.1 
F 
-4.356 
-.6918 
-2.894 
-1.156 
-3.314 
-.9224 
-.6435 
-.0905 
-4.363 
-.6844 
-2.909 
-1.142 
-3 .316 
-.9186 
-.6318 
-.0889 
-4.365 
-.6834 
-2.910 
-1.142 
-3.317 
.... 9180 
-.6322 
-.0885 
-0.2 
1.2 
-0.5 
1.2 
-0.1 
0.5 
1.8 
2.3 
0.0 
0.1 
0.0 
0.0 
0.0 
0.1 
-0.1 
0.5 
Table 3.7 
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Girder Bending Moment Convergence for Ck = 60 degrees 
(Mesh 1,2,3) 
Case Load Bending Moments in Girders (in-lb) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at ------------------------------------------------------
Mesh 1 
Mesh 2 
Mesh 3 
% Change 
Between 
Mesh 3 
and 
Mesh 1 
% Change 
Between 
Mesh 3 
and 
Mesh 2 
Point 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
62673. 
4440. 
12969. 
. 6426. 
26896. 
6011. 
3752. 
579.2 
62893. 
4459. 
12989. 
6386. 
28318. 
5945. 
3740. 
576.4 
62887 • 
4442. 
12998. 
6389. 
28355. 
5938. 
3740. 
571.4 
-0.3 
0.0 
-0.2 
0.6 
-5.1 
1.2 
0.3 
1.4 
0.0 
0.4 
-0.1 
0.0 
-0.1 
0.1 
0.0 
0.9 
B 
13034. 
9795. 
8487. 
8435. 
17759. 
13235. 
5935. 
1378,. 
13106. 
10161. 
8514. 
8368. 
17904. 
13188. 
5919. 
1368. 
13111. 
10189. 
8532. 
8386. 
17878. 
13241. 
5927. 
1361. 
-0.6 
-3.9 
-0.5 
0.6 
-0.7 
0.0 
0.1 
1.2 
0.0 
-0.3 
-0.2 
-0.2 
0.1 
-0.4 
-0.1 
0.5 
c 
4377. 
36651. 
2542. 
9937. 
6202. 
23731. 
12803. 
3325. 
4353. 
36955. 
2489. 
9832. 
6151. 
23524. 
12650. 
3298. 
4390. 
36972. 
2499. 
9836. 
6163. 
23428. 
12634. 
3292. 
-0.3 
-0.9 
1.7 
1.0 
0.6 
1.3 
1.3 
1.0 
-0.8 
0.0 
-0.4 
0.0 
-0.2 
0.4 
0.1 
0.2 
D 
1411. 
9374. 
792.3 
2918. 
2130. 
7280. 
5145. 
6208. 
1403. 
9341. 
780.7 
2906. 
2119. 
7320. 
5249. 
6101. 
1404. 
9326. 
784.7 
2908. 
2125. 
7311. 
5200. 
6006. 
0.5 
0.5 
1.0 
0.3 
0.2 
-0.4 
-1.1 
3.4 
-0.1 
0.2 
-0.5 
-0.1 
-0.3 
0.1 
0.9 
1.6 
E 
569.2 
4285. 
294.0 
1115. 
854.8 
3218. 
1965. 
6982. 
525.1 
4271. 
278.2 
1121. 
834.0 
3224. 
1971. 
7008. 
524.8 
4275. 
278.6 
1126. 
834.9 
3230. 
1977. 
6963. 
8.5 
0.2 
5.5 
-1.0 
2.4 
-0.4 
-0.6 
0.3 
0.1 
-0.1 
-0.1 
-0.4 
-0.1 
-0.2 
-0.3 
0.6 
F 
-1573 
4344. 
25993. 
8847. 
7802. 
5675. 
4289. 
601.2 
-1351. 
4283. 
26239. 
8288. 
7805. 
5699. 
4380. 
579.1 
-1306. 
4282. 
26260. 
8284. 
7725. 
5701. 
4381. 
573.3 
20.4 
1.4 
-1.0 
6.8 
1.0 
-0.5 
-2.1 
4.9 
3.4 
0.0 
-0.1 
0.0 
1.0 
0.0 
0.0 
1.0 
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Table 3.8 Girder Axial Force Convergence (or a = 60 degrees (Mesh 1,2,3) 
Case Load Axial Forces in Girders (Pounds) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at ------------------------------------------------------
Mesh 1 
Mesh 2 
Mesh 3 
% Change 
Between 
Mesh 3 
and 
Mesh 1 
% Change 
Between 
Mesh 3 
and 
Mesh 2 
Point 
A 
C 
F 
,G 
H 
I 
J 
I 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
I! 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
I 
A 
6571. 
482.6 
1495. 
729.0 
3088. 
651.2 
416.2 
60.64 
6579. 
480.5 
1497. 
727.6 
3159. 
651.8 
416~0 
60016 
6581. 
480.5 
1498. 
72606 
3156. 
65106 
416.5 
60~03 
-0.2 
0.4 
-0.2 
0.3 
~202 
-0.1 
-0.1 
1.0 
0.0 
0.0 
-0.1 
0.1 
0.1 
0.0 
-0.1 
0.2 
B 
1571. 
1303. 
905.5 
1154. 
2251. 
1682. 
805.8 
184.7 
1591. 
1306. 
910.6 
1155. 
2280. 
1691. 
810.8 
183.5 
1591. 
1306. 
911.2 
1155. 
2280. 
1689. 
812.4 
183.4 
-1.3 
--0.2 
-0.6 
-0.1 
-1.3 
-0.4 
-0.8 
0.7 
0.0 
0.0 
-0.1 
0.0 
0.0 
0.1 
-0.2 
0~1 
c 
573.0 
4133. 
302.7 
1113. 
816.0 
3056. 
1617. 
464.4 
575.4 
4151. 
301.3 
1110. 
816.7 
3001. 
1627. 
463.6 
573.0 
4152. 
300.3 
1109. 
815.6 
3008. 
1623. 
463.7 
0.0 
-0.5 
0.8 
0.4 
0.0 
1.6 
-0.4 
0.2 
0.4 
0.0 
0.3 
0.1 
0.1 
-0.2 
0.2 
0.0 
D 
182.4 
1190. 
102.0 
362.4 
279.5 
957.6 
598.2 
844.0 
182.7 
1201. 
101.8 
359.1 
280.3 
958.8 
599.7 
842.4 
182.1 
1202. 
101.4 
358.5 
279.5 
958.7 
600.1 
841.8 
0.2 
-1.0 
0.6 
1.1 
0.0 
-0.1 
-0.3 
0.3 
0.3 
-0.1 
0.4 
0.2 
0.3 
0.0 
-0.1 
0.1 
E 
53.96 
466.5 
28.83 
121.5 
87.82 
349.6 
218.7 
726.0 
55.36 
466.1 
29.16 
120.7 
88.39 
348.7 
216.5 
722.9 
55.05 
465.0 
28.98 
120.1 
88.00 
347.6 
215.3 
725.4 
-2.0 
0.3 
-0.5 
1.2 
-0.2 
0.6 
1.6 
0.1 
0.6 
0.2 
0.6 
0.5 
0.4 
0.3 
0.6 
-0.3 
F 
-78.58 
382.1 
2497. 
781.3 
858.1 
511.1 
392.7 
43.19 
-77.57 
382.1 
2508. 
790.6 
850.8 
516.2 
398.1 
43.38 
-76.55 
381.2 
2510. 
788.8 
850.6 
515.7 
398.2 
43.24 
2.7 
0.2 
-0.5 
-1.0 
0.9 
-0.9 
-1.4 
-0.1 
1.3 
0.2 
-0.1 
0.2 
0.0 
0.1 
0.0 
0.3 
Table 3.9 
Loads on 
Girders 
Loads on 
Slab 
Loads on 
Girders 
Loads on 
Slab 
Loads on 
Girders 
Loads on 
Slab 
Notes: 
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Summary of the Maximum %- Change in Results Between 
Mesh 3 and Mesh 1,2 
Deflections 
Mesh 1 Mesh 2 
a. = 0 deg. a. = 60 deg. a. = 0 deg. 
1.6 0.1 
5.7 2.3 0.2 
Bending Moments in Girders 
Mesh 1 
a. = 0 deg. 
2.1 
(0.7) 
1.4 
(0.8) 
Mesh 1 
a. = 0 deg. 
5.9 
a. = 60 deg. 
20.4 
(8.5) 
6.8 
(5.1) 
Mesh 2 
a. = 0 deg. 
0.3 
(0.1) 
0.3 
(0.2) 
Axial Forces in Girders 
a. = 60 deg. 
2.7 
(2.0) 
2.2 
Mesh 2 
a. = 0 deg. 
0.4 
0.3 
a. = 60 deg. 
0.5 
0.5 
a = 60 deg. 
3.4 
(0.8) 
1.6 
a. = 60 deg. 
1.3 
(0.6) 
0.6 
1. The values in brackets are the more realistic maximum differences. 
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Table 3.10 Deflection Convergence for 0 = 60 degrees (Mesh 4,2,5) 
Case Load Deflection x 103 (in) at Point 
a = Acting 
60 deg. at ------------------------------------------------------
Mesh 4 
Mesh 2 
Mesh 5 
% Change 
Between 
Mesh 5 
and 
Mesh 4 
% Change 
Between 
Mesh 5 
and 
Mesh 2 
Point 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
c 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
-12.60 
-1.279 
-4.345 
-1.958 
-7.414 
-1.713 
-1.117 
-.1653 
-12.64 
-1.281 
-4.363 
-1.960 
-7.413 
-1.716 
-1.119 
-.1658 
-12.64 
-1.281 
-4.363 
-1.959 
-7.413 
-1.716 
-1.120 
-.1653 
-0.3 
-0.4 
-0.1 
0.0 
-0.2 
-0.3 
000 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
-0.1 
0.3 
B 
-4.086 
-2.961 
-2.154 
"';3.319 
-5.282 
-3.792 
-23230 
-.4058 
-4.086 
-2.961 
-2.152 
-3.317 
-5.279 
-3.794 
-2.230 
-.4064 
-4.086 
-2.961 
-2.152 
-3.31R 
-5.279 
-3.794 
-2.231 
-.4053 
0.0 
0.0 
0.1 
0.0 
0.1 
-0.1 
0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
c 
-1.279 
-6.00R 
-.6850 
-2.417 
-1.896 
-5.542 
-3-.350 
-1.108 
-1.281 
-6.054 
-.6844 
-2.419 
-1.897 
-5.542 
-3.347 
-1.108 
-1.281 
-6.054 
-.6843 
-2.418 
-1.897 
-5.542 
-3.346 
-1.106 
-0.2 
-0.8 
0.1 
0.0 
-0.1 
0.0 
0.1 
0.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
D 
-.4134 
-2.961 
-.2187 
-.8393 
-.6409 
-2.301 
-1.472 
-2.462 
-.4145 
-2.961 
-.2187 
-.8401 
-.6416 
-2.300 
-1.473 
-2.461 
-.4145 
-2.961 
-.2188 
-.8401 
-.6416 
-2.300 
-1.472 
-2.463 
-0.3 
0.0 
0.0 
-0.1 
-0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
-0.1 
E 
-.15:i6 
-1.279 
-.0807 
-.31R8 
-.24tl3 
-.9614 
-.5630 
-1.894 
-.1543 
-1.281 
-.0808 
-.3198 
-.2470 
-.9625 
-.5648 
-1.896 
-.1544 
-1.281 
-.0808 
-.3198 
-.2470 
-.9625 
-.5645 
-1.898 
-0.5 
-0.2 
-0.1 
-0.3 
-0.3 
-0.1 
-0.3 
-0.2 
-0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
-0.1 
F 
-4.345 
-.6850 
-2.885 
-1.14:i 
-3.306 
-.9190 
-.6318 
-.0888 
-4.363 
-.6844 
-2.909 
-1.142 
-3.316 
-.9186 
-.6318 
-.0889 
-4.363 
-.6843 
-2.909 
-1.143 
-3 .316 
-.9185 
-.6324 
-.0886 
-0.4 
0.1 
-0.8 
0.0 
-0.3 
0.1 
-0.1 
0.2 
0.0 
0.0 
0.0 
-0.1 
0.0 
0.0 
-0.1 
0.3 
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Table 3.11 Girder Bending Moment Convergence for a = 60 degrees 
(Mesh 4,2,5) 
Case Load Bending Moments in Girders (in-lb) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at ------------------------------------------------------
Mesh 4 
Mesh 2 
Mesh 5 
% Change 
Between 
Mesh 5 
and 
Mesh 4 
% Change 
Between 
Mesh 5 
and 
Mesh 2 
Point 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
59913. 
4460. 
12909. 
6393. 
28516. 
5953. 
3735. 
573.7 
62R93. 
4459. 
12989. 
6386. 
28318 ~ 
5945. 
3740. 
576.4 
62470. 
4452. 
12986. 
6397. 
28621. 
5951. 
3743. 
572.6 
-4.1 
0.2 
-0.6 
-0.1 
-0.4 
0.0 
-0.2 
0.2 
0.7 
0.2 
0.0 
-0.2 
-1.1 
-0.1 
-0.1 
0.7 
B 
12786. 
10290. 
8476. 
8427. 
17922. 
13342. 
6087. 
1379. 
13106. 
10161. 
8514. 
8368. 
17904. 
13188. 
5919. 
1368. 
13020. 
10246. 
8501. 
8412. 
17821. 
13363. 
5953. 
1365. 
-1.8 
0.4 
-0.3 
0.2 
0.6 
-0.2 
2.3 
1.0 
0.7 
-0.8 
0.2 
-0.5 
0.5 
-1.3 
-0.6 
0.2 
c 
4285. 
34486. 
2440. 
9753. 
6046. 
23800. 
13159. 
3369. 
4353. 
36955. 
2489. 
9832. 
6151. 
23524. 
12650. 
3298. 
4375. 
36678. 
2491. 
9828. 
6141. 
23433. 
12774. 
3310. 
-2.1 
-6.0 
-2.0 
-0.8 
-1.3 
1.6 
3.0 
1.8 
-0.5 
0.8 
-0.1 
0.0 
0.2 
0.4 
-1.0 
-0.4 
D 
1378. 
9224. 
768.2 
2851. 
2086. 
7215. 
5122. 
6739. 
1403. 
9341. 
780.7 
2906. 
2119. 
7320. 
5249. 
6101. 
1402 
9298. 
782.9 
2899. 
2119. 
7289. 
5192. 
6138. 
-1.7 
-0.8 
-1.9 
-1.7 
-1.6 
-1.0 
-1.3 
9.8 
0.1 
0.5 
-0.3 
0.2 
0.0 
0.4 
1.1 
-0.6 
E 
520.4 
4251. 
276.7 
1115. 
828.6 
3211. 
1959. 
6950. 
525.1 
4271. 
278.2 
1121. 
834.0 
3224. 
1971. 
7008. 
525.2 
4274. 
278.8 
1127. 
835.6 
3231. 
1979. 
6961. 
-0.9 
-0.5 
-0.8 
-1.1 
-0.8 
-0.6 
-1.0 
-0.2 
0.0 
-0.1 
-0.2 
-0.5 
-0.2 
-0.2 
-0.4 
0.7 
F 
-1597. 
4283. 
23054. 
8237. 
7733. 
5700. 
4334. 
584.3 
-1351. 
4283. 
26239. 
8288. 
7805. 
5699. 
4380. 
579.1 
-1522. 
4317. 
25797. 
8360. 
7728. 
5742. 
4397. 
576.0 
4.9 
-0.8 
-10.6 
-1.5 
0.1 
-0.7 
-1.4 
1.4 
-11.2 
-0.8 
1.7 
-0.9 
1.0 
-0.7 
-0.4 
0.5 
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Table 3.12 Girder Axial Force Convergence for Q = 60 degrees (Mesh 4,2,5) 
Case Load Axial Forces in Girders (Pounds) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at ------------------------------------------------------
Mesh 4 
Mesh 2 
Mesh 5 
% Change 
Between 
Mesh 5 
and 
Mesh 4 
% Change 
Between 
Mesh 5 
and 
Mesh 2 
Point 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
C 
F 
G 
H 
I 
J 
K 
A 
6450 .. 
479.5 
1491. 
726.1 
3179. 
649.8 
415.3 
60.07 
6579. 
480.5 
1497. 
727.6 
3159. 
651 .8 
416.0 
60.16 
6596. 
480.7 
1498. 
726.6 
3161. 
651.5 
416.3 
60.06 
-2 .. 2 
-0.2 
-o.S 
-0.1 
0.6 
-0.3 
-0.2 
0.0 
-0.3 
0.0 
-0.1 
0.1 
-0.1 
0.0 
-0.1 
0.2 
B 
1613. 
1301. 
929.9 
1154. 
2308. 
1689. 
808.0 
182.7 
1591. 
1306. 
910.6 
1155. 
2280. 
1691. 
810.8 
183.5 
1594. 
1304. 
911.2 
1154. 
2281. 
1691. 
809.9 
183.0 
1.2 
-0.2 
2.1 
0.0 
1.2 
-0.1 
-0.2 
-0.2 
-002 
0.2 
-0.1 
0.1 
0.0 
0.0 
0.1 
0.3 
C 
578.7 
4005. 
304.6 
1112. 
822.5 
3031. 
1651. 
460.0 
575.4 
4151. 
301.3 
1110. 
816.7 
3001. 
1627. 
463.6 
574.4 
4163. 
301.1 
1111. 
817.1 
3004. 
1626. 
462.4 
0.7 
-3.8 
1.2 
0.1 
0.7 
0.9 
1.5 
-0.5 
0.2 
-0.3 
0.1 
-0.1 
0.0 
-0.1 
0.1 
0.3 
D 
183.7 
1209. 
102.5 
361.7 
281.9 
965.4 
605.0 
858.0 
182.7 
1201. 
101.8 
359.1 
280.3 
958.8 
599.7 
842.4 
182.7 
1203. 
101.7 
359.3 
280.2 
959.9 
601.2 
842.5 
0.5 
0.5 
0.8 
0.7 
0.6 
0.6 
0.6 
1.8 
0.0 
-0.2 
0.1 
-0.1 
0.0 
-0.1 
-0.2 
0.0 
E 
55.40 
467.0 
29.28 
120.8 
88.54 
349.5 
216.5 
728.8 
55.36 
466.1 
29.16 
120.7 
88.39 
348.7 
216.5 
722.9 
55.37 
465.8 
29.15 
120.4 
88.33 
348.4 
215.9 
725.5 
0.1 
0.3 
0.4 
0.3 
0.2 
0.3 
0.3 
0.5 
0.0 
0.1 
0.0 
0.2 
0.1 
0.1 
0.3 
-0.4 
F 
-130.5 
387.9 
2267. 
808.5 
805.9 
524.4 
401.5 
43.88 
-77.57 
382.1 
2508. 
790.6 
850.8 
516.2 
398.1 
43.38 
-54.82 
379.2 
2537. 
782.7 
859.5 
512.6 
396.1 
43.07 
138.1 
2.3 
-10.6 
3.3 
-6.2 
2.3 
1.4 
1.9 
41.5 
0.8 
-1.1 
1.0 
-1.0 
0.7 
0.5 
0.7 
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Table 3.13 Summary of the Maximum %- Change in Results Between 
Mesh 5 and Mesh 2,4 
Loads on 
Girders 
Mesh 4 
a = 0 deg. 
Deflections 
Mesh 2 
a = 60 deg. a = 0 deg. a = 60 deg. 
0.8 0.1 
--------~---------------------------------------------------------------
Loads on 
Slab 
Loads on 
Girders 
Loads on 
Slab 
Loads on 
Girders 
Loads on 
Slab 
Notes: 
0.3 
Bending Moments in Girders 
Mesh 4 
a = 0 deg. 
Mesh 4 
a = 0 deg. 
a = 60 deg. 
10.6 
(6.0) 
9.8 
Mesh 2 
a = 0 deg. 
Axial Forces in Girders 
a = 60 deg. 
138 
(3.8) 
6.2 
(1.8) 
Mesh 2 
a = 0 deg. 
0.3 
a = 60 deg. 
11.2 
(0.8) 
1.3 
a = 60 deg. 
41.5 
(0.3) 
1.0 
(0.4) 
1. The values in brackets are the more realistic maximum differences. 
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Table 3.14 Girder Bending Moment Convergence for 0 = 60 degrees (Mesh 2,5) 
------- ----------------------------------------------------------------
Case Load Bending Moments in Girders (in-lb) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at -------------------------------------------------------
Mesh 2 
Mesh 5 
% Change 
Between 
Mesh 5 
and 
Mesh 2 
Point 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
C 
F 
G 
II 
I 
J 
K 
A 
1144. 
36.73 
291.3 
94.61 
487.2 
58.38 
45.91 
3.091 
1108. 
39.94 
268 .. 2 
101.3 
487.5 
63.00 
49.43 
3.352 
3.2 
-8.0 
8.6 
-6.6 
-0.1 
-7 .. 3 
--7.1 
-7.8 
B 
185.4 
178.0 
114.9 
209.5 
349.1 
250.6 
134.4 
18.99 
200.0 
177.2 
125.5 
206.8 
350.0 
250.3 
133.1 
18.67 
-7.3 
0.5 
-8.4 
1.3 
-0.3 
0.1 
1.0 
1.7 
C 
39.98 
704.6 
22.19 
154.8 
91.33 
478.6 
259.1 
67.91 
43.66 
701.5 
24.77 
154.0 
91.65 
477.2 
260.3 
67.50 
-8.4 
0.4 
-10.4 
0.5 
-0.3 
0.3 
-0.5 
0.6 
D 
6.502 
165.5 
3.681 
32.26 
19.09 
121.1 
68.84 
151.7 
7.246 
163.7 
4.247 
31.76 
19.09 
119.8 
67.35 
150.6 
-10.3 
1.1 
-13.3 
1.6 
0.0 
1.1 
2.2 
0.7 
E 
.2030 
35.63 
.0121 
4.265 
2.070 
22.84 
9.879 
74.49 
.4388 
38.57 
.1642 
4.816 
2.396 
24.93 
10.94 
77.57 
-53.7 
-7.6 
-92.6 
-11.4 
-13.6 
-8.4 
-9.7 
-4.0 
F 
177.6 
33.59 
544.1 
117.0 
215.3 
53.19 
51.63 
2.712 
114.3 
39.82 
495.9 
129.7 
208.0 
61.88 
58.19 
3.287 
55.4 
-15.6 
9.7 
-9.8 
3.5 
-14.0 
-11.3 
-17.5 
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Table 3.15 Girder Axial Force Convergence for a = 60 degrees (Mesh 2,5) 
------------------------------------------------------------------------
Case Load Axial Forces in Girders (Pounds) Near Point 
a = Acting (Actual location is 10.778' left of ref. point) 
60 deg. at ------------------------------------------------------
Point A B C D E F 
------------------------------------------------------------------------
A 49.62 8.017 2.028 .2900 .0023 9.010 
C 1.413 9.371 35.68 8.874 1.418 .5596 
F 14.02 3.855 .9738 .1789 .0048 21.93 
Mesh 2 G 4.085 13.37 6.771 1.476 .1652 3.280 
H 21.76 19.63 4.874 .9344 .0697 8.922 
I 2.328 13.68 27.43 6.484 .8739 .9557 
J 1.893 8.160 14.81 2.738 .4286 1.135 
K .1032 .9996 4.04~ 9.783 2.458 .0146 
------------------------------------------------------------------------
A 48.10 9.294 2.149 .3181 .0115 6.612 
C 1.573 9.227 35.73 8.769 1.567 .8306 
F 12.86 4.760 1.062 .1994 .0003 19.98 
Mesh 5 G 4.404 13.11 6.746 1.451 .1891 3.817 
H 21.58 19.78 4.888 .9256 .0837 8.600 
I 2.549 13.50 27.42 6.408 .9750 1.338 
.J 2.065 8.021 14.77 2.70 0 .4935 1.431 
K .1182 .9786 4.006 9.658 2.657 .0409 
------------------------------------------------------------------------
A 3.2 -13.7 -5.6 -8.8 -79.6 36.3 
% Change C -10.2 1.6 -0.1 1.2 -9.5 -32.6 
Between F 9.0 -19.0 -8.3 -10.3 1711. 9.8 
Mesh 5 G -7.2 2.0 0.4 1.7 -12.6 -14.1 
and H 0.8 -0.8 -0.3 1.0 -16.7 3.7 
Mesh 2 I -8.7 1.3 0.0 1.2 -10.4 -28.6 
J -8.3 1.7 0.3 1.1 -13.2 -20.7 
K -12.7 2.1 0.9 1.3 -7.5 -64.4 
-----------~------------------------------------------------------------
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Table 3.16 Example Problem: BRIDGE-2 
Displacements (in) at Point 
Load 1 2 
at ------------------------------------------------------------------
Point Present Powell's Mehrain's Present 
OOMDEK-CD Solution 
Powell's 
GENDEK-5 
1 
2 
3 
4 
Solution GENDEK-5 
.0424 
.0041 
.0294 
.. 0024 
.0421 
.0041 
.0421 
.0041 
.0041 
.0926 
Displacements (in) at Point 
.0041 
.0922 
3 4 
.0290 
.0024 
.0290 
.0024 
.0024 
.0551 
.0024 
.0548 
Mehrain's 
COMDEK-CD 
.0041 
.0919 
.0024 
.0545 
======================================================================== 
Girder Bottom Fibre Stress (psi.) at Point 
1 2 
1 155.4L 150.7 149.7 2.256L 3.1 3.0 
(3.12) (-27.2) 
-155.4R 2.627R 
(3.12) (-15.3) 
2 4.762L 6.5 6.5 309.3L 303.5 303.7 
(-26.7) (1.91) 
6.078R 305.5R 
(-6.49) (0.66) 
---..---------------------------------------------------------------------
3 
4 
Notes: 
208.4 
(7.53) 
3.393 
(-.21) 
Girder Bottom Fibre Stress (psi.) at Point 
3 4 
193.8 193.7 
3.4 3.3 
3.797 
(2.62) 
285.7 
(5.23) 
3.7 
271.5 
1. L = Just left of the diaphragm centroid at midspan. 
2. R = Just right of the diaphragm centroid at midspan. 
3. The values in brackets are the %-difference 
from the GENDEK-5 solution. 
3.8 
270.4 
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Table 3.17 Example Problem: BRID GE-3 
Bending Moments Coefficients for the Beams at Midspan 
Transverse Finite Exact Pre sen t 
Beam location Difference Solution Finite Element 
Name of Solution by Solution 
Load by Chen Newmark x Exp-3 
A 0.172 0.174 173.8 
AB 0.106 0.101 101.2 
B 0.056 0.055 54.93 
BC 0.029 0.028 28.11 
A C 0.013 0.013 12.64 
CD 0.004 0.004 3.757 
D -0.001 -0.001 -0.903 
DE -0.003 -0.003 -3.120 
E -0.004 -0.004 -4.245 
A 0.056 0.055 54.92 
AB 0.087 0.084 83 .88 
B 0.111 0.112 112.4 
BC 0.081 0.078 77.76 
B C 0.047 0.047 47.14 
CD 0.029 0.029 28.62 
D 0.016 0.016 16.33 
DE 0.007 0.007 6.953 
E -0.001 -0.001 -0.903 
------------------------------------------------------------------------
A 0.013 0.013 12.64 
AB 0.028 0.028 27.90 
C B 0.047 0.047 47.14 
BC 0.080 0.077 76.83 
C 0.108 0.109 109.1 
Notes: 
1. The bending moments in the beams are obtained by multiplying 
the listed coefficient with the value of the load times the span. 
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Table 3.18 Example Problem: BRIDGE-4 
Bending Moments Coefficients for the Beams at Midspan 
Transverse Finite Present Approximate 
Beam location Dif ference Finite Element Percentage 
Name of Solution Solution Difference 
Load by Chen x Exp-3 % 
A 0.188 190.6 -1 
AD 0.084 68.72 22 
B 0.032 28.86 11 
BC 0.016 15.16 6 
A C 0.009 7.938 
CD 0.006 4.433 
D 0.003 2.448 
DE 0.002 1.263 
E 0.001 .4447 
A 0 .. 030 24.70 22 
AD 0.060 43.81 37 
B 0.100 109.2 8 
BC 0.060 43.09 39 
B C 0.028 23.33 20 
CD 0.016 13.41 19 
D 0.010 7.568 32 
DE 0.006 4.405 
E 0.003 2.469 
A 0.008 7.741 
AD 0.014 13.52 4 
C B 0.027 22.93 18 
BC 0.058 40.75 42 
C 0.097 104.5 -7 
Notes: 
1. The bending moments in the beams are obtained by multiplying 
the listed coefficient with the value of the load times the span. 
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Table 4.1 Errors in the Bottom Fibre Stresses in Supporting Girders which Result 
from the use of the Effective Flange Width Concept 
------------------------------------------------------------------------
Approximate Approximate 
Stress using Stress using 
Correct Ic and the Ic but 
Definition Bottom Tofal Moment Ign~ring the 
of the Fibre M c§ Acting Contribution Ms/Mcg 
Bridge Stress n the of the Slab 
(ksi) Composite Moment to 
T-Section Error M Error (ksi) % (k~~) % % 
------------------------------------------------------------------------
b 6 A 0.4262 0~4162 -2.3 0.4260 -0.0 2.3 
a 60 B 0.4822 0.4694 -2.7 0.4839 0.4 3.0 
H ::::: 5 C 0.4819 0.4744 -1.6 0.4907 1.8 3.3 
b 6 A 0.1524 0.1432 -6.0 0.1444 -5.2 0.8 
a ::::: 60 B 0.2075 0.2079 0.2 0.2096 1.0 0.8 
H ::::: 30 C 0.2219 0.2287 3.1 0.2310 4.1 1.0 
b ::::: 6 A 0.4222 0.4170 -1.2 0.4241 0.5 1.7 
a 80 B 0.4465 0.4362 -2.3 0.4462 -0.1 2.2 
H ::::: 5 C 0.4341 0.4281 -1.4 0.4394 1.2 2.6 
b 6 A 0.1680 0.1604 -4.5 0.1614 -3.9 0.6 
a 80 B 0.2118 0.2125 0.3 0.2139 1.0 0.6 
H 30 C 0.2209 0.2275 3.0 0.2293 3.8 0.8 
b ::::: 6 A 
a 80 B 0.5005 0.4942 -1.3 0.5008 0.1 1.3 
H 10 C 0.5012 0.5028 0.3 0.5107 1.9 1.5 
-~---------------------------------------------------
Notes: 
1. See Table 2.1 for the structural properties of the girders. 
2. A, Band C refer to the ed~e, second and centre girder as shown in 
Fig. 2.1 
3. Each bridge is loaded with two HS20-44 trucks such that the maximum 
bending moment results in the girder under consideration. 
4. The value of the wheel load P ::::: 10 kips. 
5. The angle of skew is zero. 
6. The values of Icgused to calculate stresses in the exterior girders 
are smaller than the values used for the interior girders. The size 
of the deck overhang is taken into account. 
Table 4.2 
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Percentage Girder Bending Moment Differences Obtained from Three 
Bridges with the same H and b/a Ratios 
Loading Condition: A Single Po in t Load 
Girder 
Under 
Consideration 
A 
B 
C 
Load Applied at 
Midspan of 
Girder 
A 
B 
C 
A 
B 
C 
A 
B 
C 
% Difference 
in Maximum 
Moment 
1.3 
1.1 
1.6 
6.6 
2.7 
1.7 
5.2 
1.8 
2.7 
Table 4.3 Percentage Girder Bending Moment Differences Obtained from Two 
Bridges with the same H and b/a Ratios 
Loading Condition: Two AASHTO HS20-44 Trucks 
Girder 
under 
Consideration 
A 
B 
C 
Trucks Located for 
Large Moments 
in Girder C 
0.2 
1.5 
1.8 
Trucks Located for 
Large Moments 
in Girders A, B 
1.0 
1.2 
0.8 
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Table 4.4 Effect of an Increase in the Number of Girders on the Girder Moments 
Max.imum Bending Moment Coefficients for two HS20-44 Truck Loads 
------------------------------------------------------------------------
Bridge Pro'Perties Five-Girder Six.-Girder Seven-Girder 
b(ft) H Girder Bridge Bridge %-Cn Bridge %-CH 
------------------------------------------------------------------------
A 0.2987 0.2956 -1.0 0.2948 -1.3 
6 5 B 0.3001 0.2918 -2.8 0.2910 -3.0 
C 0.3040 0.2892 -4.9 0.2848 -6.3 
A 0.2792 0.2791 <0.0 0.2791 <0.0 
6 30 B 0.3819 0.37Q9 -0.5 0.3798 -0.6 
C 0.4185 0.4111 -1.8 0.4103 -2.0 
A 0.3660 0.3656 -0.1 0.3655 -0.1 
9 5 B 0.3831 0.3797 -0.9 0.3795 -0.9 
C 0.3544 0.3474 -2.0 0.3464 -2.3 
A 0.3658 0.3658 <0.0 0.3658 <0.0 
9 30 B 0.5742 0.5742 <0.0 0.5742 <0.0 
C 0.5547 0.5526 -0.4 0.5526 <0.0 
--------------~---------------------------------------------------------
Notes: 
1. Angle of skew a = 60 degrees. 
2. Span a = 60 ft. 
3. %-CHange = difference with respect to the five-girder bridge results. 
4. Mcg = (coefficient) x Pa 
Table 4.5 
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Effect of Girder Torsional Stiffness on the Girder 
Bending Moments (1) 
Maximum Girder Bending Moment Coefficients for two HS20-44 Trucks 
Angle With No With No With No 
of Torsion Torsion Torsion Torsion Torsion Torsion 
Skew Girder A "-CH Gh:der B %-CH Girder C %-CH 
-------------------------------------------------------------------------
0 0.240 0.231 -3.8 0.364 0.372 +2.2 0.399 0.409 +2.5 
0 *.243 +1.3 *.362 -0.5 *.395 -1.0 
30 0.243 0.236 -2.9 0.35n 0.364 +2.2 0.390 0.400 +2.6 
45 0.241 0.239 -0.8 0.334 0.344 +3.0 0.367 0.377 +2.7 
60 0.224 0.230 +2.7 0.274 0.285 +4.0 0.300 0.311 +3.7 
-------------------------------------------------------------------------
30 0.370 0.373 +0.8 0.435 0.447 +2.8 0.444 0.456 +2.7 
45 0.364 0.371 +1.9 0.419 0.433 +3.3 0.426 0.441 +3.5 
60 0.344 0.362 +5.2 0.373 0.391 +4.8 0.382 0.400 +4.7 
------------------------------------------------------------------------
Notes: 
1. The girder spacing b = 6 ft. H = 10. 
2. The brid~e span for the first group of data is a = 40 ft. 
The bridge span for the second group of data is a = 80 ft. 
3. * = Girder torsional stiffness is increaced by 47" for this case. 
4. "-CHange is the percentage difference between results. 
5. Mcg = (coefficient) x Pa 
Table 4.6 
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Effect of Girder Torsional Stiffness on the Girder 
Bending Moments (2) 
Maximum Girder Bending Moment Coefficients for two HS20-44 Trucks 
-------------------------------------------------------------------------
Girder Truck 1 Truck 2 Total Moment 
------------------------------------------------------------------------
Bridge With No With No With No 
Properties Torsion Torsion Torsion Torsion Torsion Torsion %-CH 
------------------------------------------------------------------------
a = 0 A .4053 .4218 .0950 .0803 0.500 0.502 +0 .4 
II = 10 B .3344 .3422 .2818 .2924 0.616 0.635 +3.1 
a = RO C .2993 .3135 .2993 .3135 0.599 0.627 +4.7 
a 60 A .3521 .3849 .0752 .0636 0.427 0.448 +4.9 
II 20 B .3047 .3194 .2530 .2731 0.558 0.592 +6 .1 
a = 80 C .2729 .2906 .2664 .2838 0.539 0.574 +6.5 
a = 0 A .3037 .3029 .0194 .0117 0.323 0.315 -2.5 
II = 10 B .3075 .3123 .2469 .2525 0.554 0.565 +2.0 
a = 40 C .2727 .2780 .2727 .2780 0.545 0.556 +2.0 
------------------------------------------------------------------------
Notes: 
1. The girder spacing b = 9 ft. 
2. The %-ClIange is the difference in the total girder bending moments. 
3. MCg = (coefficient) % Pa 
Table 4.7 
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Maximum Composite Girder Bending Moment and D efiection 
Coefficients: Span == 80 ft; Girder Spacing == 9 ft; 
Angle of Skew Q == 0 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0 .. 3953 0.1271 0.522 0.0606 
5 B 0.3095 0.2547 0.564 0.0572 
C 0.2639 0.2639 0.528 0.0501 
A 0.4053 0.0950 0.500 0.0598 
10 B 0.3344 0.2818 0.616 0.0608 
C 0.2993 0.2993 0.599 0.0546 
A 0.4076 0.0649 0.472 0.0592 
20 B 0.3639 0.3065 0.670 0.0648 
C 0.3301 0.3301 0.660 0.0588 
A 0.4095 0.0505 0.460 0.0580 
30 B 0.3815 0.3179 0.699 0.0673 
C 0.3452 0.3452 0.690 0.0618 
------------------------------------------------------------------------
Table 4.8 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span == 80 ft; Girder Spacing == 9 ft; 
Angle or Skew Q == 30 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.3825 0.1251 0.508 0.0586 
5 B 0.2971 0.2458 0.543 0.0546 
C 0.2547 0.2546 0.509 0.0478 
A 0.3953 0.0961 0.491 0.0583 
10 B 0.3246 0.2744 0.599 0.0587 
C 0.2902 0.2900 0.580 0.0526 
A 0.4005 0.0671 0.468 0.0583 
20 B 0.3564 0.3002 0.657 0.0632 
C 0.3224 0.3222 0.645 0.0570 
A 0.4038 0.0531 0.457 0.0573 
30 B 0.3751 0.3124 0.687 0.0659 
C 0.3383 0.3383 0.677 0.0605 
------------------------------------------------------------------------
Notes: 
1. Meg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
-' t, • • , 
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Table 4.9 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.3629 0.1210 0.484 0.0548 
5 B 0.2811 0.2269 0.508 0.0500 
C 0.2388 0.2367 0.475 0.0439 
A 0.3849 0.0932 0.478 0.0565 
10 B 0.3115 0.2571 0.569 0.0550 
C 0.2780 0.2754 0.553 0.0499 
A 0.3867 0.0711 0.458 0.0564 
20 B 0.3421 0.2875 0.630 0.0601 
C 0.3091 0.3061 0.615 0.0547 
A 0.3921 0.0579 0.450 0.0557 
30 B 0.3626 0.3010 0.664 0.0632 
C 0.3268 0.3239 0.651 0.0583 
--------------------~---------------------------------------------------
Table 4.10 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 60 degrees. 
H 
5 
10 
20 
30 
Notes: 
Girder 
A 
B 
C 
A 
B 
C 
A 
B 
c 
A 
B 
C 
Truck 1 
0.3222 
0.2486 
0.1980 
0.3401 
0.2814 
0.2358 
0.3521 
0.3047 
0.2729 
0.3620 
0.3284 
0.2934 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
Truck 2 
0.1050 
0.1775 
0.1933 
0.0926 
0.2068 
0.2300 
0.0752 
0.2530 
0.2664 
0.0653 
0.2693 
0.2868 
Total Moment 
0.427 
0.426 
0.391 
0.433 
0.488 
0.466 
0.427 
0.558 
0.539 
0.427 
0.598 
0.580 
Deflection 
0.0482 
0.0396 
0.0342 
0.0500 
0.0456 
0.0407 
0.0511 
0.0522 
0.0475 
0.0510 
0.0561 
0.0519 
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Table 4.11 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 0 degrees. 
------------------------------------------------------------------------
H Girder Truck. 1 Truck. 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.3693 0.0894 0.459 0.0554 
5 B 0 .. 2985 0.2510 0.549 0.0579 
C 0.2656 0.2656 0.531 0.0533 
A 0.3778 0.0565 0.434 0.0538 
10 B 0.3304 082806 0.611 0.0626 
C 0.3017 0 .. 3 017 0.603 0.0599 
A 0.3783 0.0303 0.409 0.0525 
20 B 0.3640 0.3028 0.667 0.0677 
C 0.3299 0.3299 0.660 0.0656 
A 0.3733 0 .. 0235 0.397 0.0537 
30 B 0.3842 0.3075 0.692 0.0698 
C 0.3400 0.3400 0.680 0.0656 
------------------------------------------------------------------------
Table 4.12 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 30 degrees. 
------------------------------------------------------------------------
H Girder Truck. 1 Truck. 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.3562 0.0901 0.446 0.0537 
5 B 0.2860 0.2408 0.527 0.0549 
C 0.2533 0.2524 0.506 0.0503 
A 0.3687 0.0600 0.429 0.0543 
10 B 0.3210 0.2721 0.593 0.0614 
C 0.2908 0.2899 0.581 0.0575 
A 0.3722 0.0351 0.407 0.0531 
20 B 0.3568 0.2958 0.653 0.0673 
C 0.3212 0.3207 0.642 0.0637 
A 0.3676 0.0274 0.395 0.0530 
30 B 0.3778 0.3014 0.679 0.0681 
C 0.3329 0.3328 0.666 0.0642 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
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Table 4.13 Maximum Composite Girder Bending Moment a.nd Deflection 
Coefficients: Span = 60 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.3360 0.0882 0.424 0.0508 
5 B 0.2622 0.2204 0.483 0.0495 
C 0.2315 0.2281 0.460 0.0451 
A 0.3518 0.0651 0.417 0.0522 
10 B 0.3011 0.2542 0.555 0.0569 
C 0.2711 0.2672 0.538 0.0531 
A 0.3592 0.0426 0.402 0.0516 
20 B 0.3406 0.2808 0.621 0.0636 
C 0.3054 0.3017 0.607 0.0603 
A 0.3553 0.0339 0.389 0.0515 
30 B 0.3629 0.2883 0.651 0.0650 
C 0.3197 0.3163 0.636 0.0615 
------------------------------------------------------------------------
Table 4.14 Maximum Composite Girder Bending Moment and Deflection 
Coefficien ts: Span = 60 ft; Girder Spacing = 9 ft; 
Angle of Skew a = 60 degrees. 
------------------------------------------------------------------------
H .Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2903 0.0757 0.366 0.0430 
5 B 0.2264 0.1567 0.383 0.0368 
C Oe1800 0.1744 0.354 0.0330 
A 0.3114 0.0664 0.378 0.0463 
10 B 0.2593 0.2022 0.46? 0.0457 
C 0.2218 0.2154 0.437 0.0421 
A 0.3256 0.0521 0.378 0.0471 
20 B 0.3039 0.2338 0.538 0.0539 
C 0.2615 0.2550 0.517 0.0510 
A 0.3228 0.0431 0.366 0.0462 
30 B 0.3228 0.2514 0.574 0.0562 
C 0.2804 0.2743 0.555 0.0537 
------------------------------------------------------------------------
Notes: 
1. Meg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
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Table 4.15 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 rt; Girder Spacing = 9 rt; 
Angle of Skew at = 0 degrees. 
--------------------------------------------------------------------------
H Girder Truck. 1 Truck. 2 Total Moment Deflection 
-------------------------------------------------------------------------
A 0.2994 0 .. 0435 0.343 0.0438 
5 B 0.2719 0 .. 2235 0.495 0.0553 
C 0.2425 0.2425 0.485 0.0533 
A 0.3037 0.0194 0.323 0.0428 
10 B 0.3075 0.2469 0.554 0.0619 
C 0.2727 0.2727 0.545 0.0603 
A 0.3019 0.0042 0.306 0.0426 
20 B 0.3400 0.2585 0.599 0.0676 
C 0.2935 0.2935 0.587 0.0658 
m A 0.3002 • 0.300 0.0405 
30 B 0 .. 3573 0.2617 0.619 0.0695 
C 0 .. 3031 0.3031 0.606 0.0678 
-------------------------------------------------------------------------
Table 4.16 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 9 rt; 
Angle of Skew at = 30 degrees. 
-------------------------------------------------------------------------
H Girder Truck. 1 Truck 2 Total Moment Deflection 
-------------------------------------------------------------------------
A 0.2881 0.0465 0.335 0.0422 
5 B 0.2587 0.2131 0.472 0.0511 
C 0.2292 0.2281 0.457 0.0488 
A 0.2962 0.0248 0.321 0.0420 
10 B 0.2973 0.2388 0.536 0.0583 
C 0.2621 0.2617 0.524 0.0567 
A 0.2969 0.0098 0.307 0.0420 
20 B 0.3321 0.2527 0.585 0.0"46 
C 0.2856 0.2858 0.571 0.0630 
A 0.2965 0.0033 0.300 0.0417 
30 B 0.3502 0.2569 0.607 0.0668 
C 0.2965 0.2973 0.594 0.0653 
------------------------------------------------------------
Notes: 
Ie MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x Pa3/(E I ) 
3. $ = Negative moment occurs. g cg 
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Table 4.17 Maximum Composite Girder Bending Moment and D efiection 
Coefficients: Span = 40 ft; Girder Spacing = 9 ft; 
Angle of Skew at = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck. 1 Truck. 2 Total Moment Deflection 
----------------------------------------~-------------------------------
A 0.2679 0.0477 0.316 0.0393 
5 B 0.2333 0.1910 0.424 0.0449 
C 0.2054 0.2019 0.407 0.0427 
A 0.2808 0.0317 0.312 0.0403 
10 B 0.2767 0.2206 0.497 0.0533 
C 0.2425 0.2394 0.482 0.0515 
A 0.2858 0.0175 0.303 0.0415 
20 B 0.3152 0.2394 0.555 0.0610 
C 0.2710 0.2690 0.540 0.0592 
A 0.2873 0.0104 0.298 0.0413 
30 B 0.3358 0.2465 0.582 0.0639 
C 0.2848 0.2833 0.568 0.Oh22 
------------------------------------------------------------------------
Table 4.18 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 9 ft; 
Angle of Skew at = 60 degrees. 
H Girder Truck. 1 Truck. 2 Total Moment Deflection 
A 0.2215 0.0348 0.256 0.0311 
5 B 0.1787 0.1281 0.307 0.0303 
C 0.1500 0.1427 0.293 0.0288 
A 0.2433 0.0319 0.275 0.0347 
10 B 0.2206 0.1702 0.391 0.0402 
C 0.1917 0.1846 0.376 0.0388 
A 0.2550 0.0242 0.279 0.0365 
20 B 0.2667 0.1981 0.465 0.0497 
C 0.2288 0.2225 0.451 0.0483 
A 0.2604 0.0187 0.279 0.0368 
30 B 0.2921 0.2117 0.504 0.0541 
C 0.2481 0.2429 0.491 0.0529 
-------------------------~----------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
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Table 4.19 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 rt; Girder Spacing = 6 rt; 
Angle of Skew Q = 0 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.391 0.0433 
B 0.423 0.0429 
C 0.415 0.0402 
A 0.373 0.0424 
10 B 0.444 0.0441 
C 0.451 0.0422 
A 0.351 0.0414 
20 B 0.463 0.0457 
C 0.488 0.0441 
A 0.341 0.0408 
30 B 0.467 0.0459 
C 0.500 0.0453 
Table 4.20 Maximum Composite Girder Bending Moment and D efiection 
Coefficients: Span = 80 rt; Girder Spacing = 6 ft; 
Angle or Skew Q = 30 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
______ 0000-________________________________________________________________ 
A 0.3081 0.0774 0.386 0.0426 
5 B 0.2679 0.1453 0.413 0.0418 
C 0 .. 2038 0.2029 0.407 0.0392 
A 0.3156 0.0543 0.370 0.0420 
10 B 0.2893 0.1456 0.435 0.0432 
C 0.2220 0.2217 0.444 0.0413 
A 0.3178 0.0318 0.350 0.0412 
20 B 0.312~ 0.1427 0.456 0.0450 
C 0.2403 0.2403 0.481 0.0440 
A 0.3106 0.0289 0.339 0.0405 
30 B 0.3230 0.1385 0.462 0.0453 
C 0.2468 0.2468 0.494 0.0448 
------------------------------------------------------
Notes: 
1. Mc = (coefficient) x Pa 
2. Deflection = (coefficient) x Pa3 /!E I ) 
g cg 
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Table 4.21 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 ft; Girder Spacing = 6 ft; 
Angle of Skew Of = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
---..--------------------------------------------------------------------
A 0.2947 0.0805 0.375 0.0406 
5 B 0.2529 0.1421 0.395 0.0395 
C 0.1954 0.1920 0.387 0.0369 
A 0.3053 0.0590 0.364 0.0409 
10 B 0.2756 0.1435 0.419 0.0413 
C 0.2146 0.2117 0.426 0.0393 
A 0.3109 0.0369 0.348 0.0405 
20 B 0.3012 0.1414 0.443 0.0435 
C 0.2339 0.2311 0.465 0.0424 
A 0.3048 0.0323 0.337 0.0397 
30 B 0.3133 0.1352 0.449 0.0439 
C 0.2408 0.2~81 0.479 0.0433 
------------------------------------------------------------------------
Table 4.2,2 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 ft; Girder Spacing = 6 ft; 
Angle of Skew Of = 60 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2658 0.0801 0.346 0.0370 
5 B 0.2199 0.1223 0.342 0.0335 
C 0.1701 0.1662 0.336 0.0307 
A 0.2803 0.0639 0.344 0.07l.77 
10 B 0.2453 0.1278 0.373 0.0362 
C 0.1931 0.1893 0.382 0.0341 
A 0.2907 0.0454 0.336 0.07l.80 
20 B 0.2748 0.1291 0.404 0.0392 
C 0.2148 0.2108 0.426 0.0379 
A 0.2862 0.0386 0.325 0.0369 
30 B 0.2887 0.1240 0.413 0.0398 
C 0.222Q 0.2188 0.442 0.0392 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
163 
Table 4.23 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 rt; Girder Spacing = 6 ft; 
Angle or Skew at = 0 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.344 0.0397 
5 B 0.401 0.0420 
C 0.405 0.0404 
A 0.323 0.0389 
10 B 0.423 0.0440 
C 0.445 0.0436 
A 0.300 0.0~77 
20 B 0.443 0.0451 
C 0.481 0.0456 
A 0.295 0.0~78 
30 B 0.445 0.0455 
C 0.490 0.0463 
Table 4.24 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 tt; Girder Spacing = 6 rt; 
Angle or Skew at = 30 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2885 0.0514 0.340 0.0387 
5 B 0.2561 0.1340 0.390 0.0000 
C 0.1972 0.1972 0.394 0.0000 
A 0.2925 0.0289 0.321 0.0385 
10 B 0.2R14 0.1331 0.414 0.0429 
C 0.2176 0.2176 0.435 0.0421 
A 0.2885 0.0110 0.299 0.0374 
20 B 0.3114 0.1242 0.436 0.0443 
C 0.2364 0.2364 0.473 0.0444 
A 0.2836 0.0108 0.294 0.0376 
30 B 0.3250 0.1139 0.439 0.0447 
C 0.2413 0.2413 0.482 0.0452 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
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Table 4.25 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 ft; Girder Spacing = 6 ft; 
Angle of Skew a = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2740 0.0564 0.330 0.0378 
5 B 0.2386 0.1265 0.365 0.0377 
C 0.1864 0.1835 0.370 0.0361 
A 0.2821 0.0358 0.318 0.0378 
10 B 0.2664 0.1275 0.394 0.0405 
C 0.2081 0.2053 0.413 0.0398 
A 0.2815 0.0176 0.299 0.0368 
20 B 0.2986 0.1204 0.419 0.0424 
C 0.2286 0.2257 0.454 0.0426 
A 0.2762 0.0154 0.292 0.0365 
30 B 0.3133 0.1108 0.424 0.0430 
C 0.2346 0.2319 0.467 0.0437 
------------------------------------------------------------------------
Table 4.26 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 60 ft; Girder Spacing = 6 rt; 
Angle of Skew a = 60 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.2421 0.0567 0.299 0.0332 
5 B 0.1990 0.1011 0.300 0.0302 
C 0.1543 0.1497 0.304 0.0282 
A 0.2549 0.0435 0.298 0.0343 
10 B 0.2300 0.1079 0.338 0.0340 
C 0.1794 0.1744 0.354 0.0330 
A 0.2601 0.0283 0.288 0.0340 
20 B 0.2"56 0.1071 0.373 0.0370 
C 0.2035 0.1979 0.401 0.0370 
A 0.2561 0.0231 0.279 0.0332 
30 B 0.2819 0.1000 0.382 0.0380 
C 0.2119 0.2065 0.418 0.0387 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x Pa3 /(E I ) 
g cg 
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Table 4.21 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 6 ft; 
Angle of Skew 0 = 0 degrees. 
H Girder Truck 1 Truck 2 
A 
5 B 
C 
A 
10 B 
C 
A 
20 B 
30 
C 
A 
B 
C 
0.2388 0.0008 
0.2~19 
0.2273 
Total Moment Deflection 
0.257 0.0311 
0.343 0.0374 
0.363 0.0~81 
0.240 O. 0~03 
0.364 0.0399 
0.399 0.0418 
0.232 0.0296 
0.378 0.0418 
0.422 0.0445 
0.227 0.0295 
0.383 0.0423 
0.432 0.0453 
Table 4.28 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 6 ft; 
Angle of Skew at = 30 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2344 0.0227 0.257 0.0~09 
5 B 0.2263 0.1056 0.332 0.0359 
C 0.1758 0.1758 0.352 0.0~57 
A 0.2360 0.0067 0.243 0.0~04 
10 B 0.2571 0.0990 0.356 0.0388 
C 0.1950 0.1950 0.390 0.0397 
A 0.2310 * 0.231 0.0294 
20 B 0.2879 0.0833 0.371 0.0408 
C 0.2083 0.2083 0.417 0.0437 
A 0.2273 * 0.227 0.0293 
30 B 003056 0.0721 0.378 0.0414 
C 0.2146 0.2146 0.429 0.0447 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x Pa3/(E I ) 
3. * = Ne~ative moment occurs. g cg 
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Table 4.29 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 rt; Girder Spacing = 6 rt; 
Angle of Skew a = 45 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2208 0.0283 0.249 0.0296 
5 B 0.2044 0.OQ83 0.303 0.0322 
C 0.1627 0.1600 0.323 0.0325 
A 0.2271 0.0144 0.241 0.0300 
10 B 0.2~88 0.0954 0.334 0.0361 
C 0.1846 0.1823 0.367 0.0374 
A 0.2254 0.0052 0.231 0.0298 
20 B 0.2719 0.0831 0.355 0.0389 
C 0.2008 0.1990 0.400 0.0413 
A 0.2231 0.0019 0.225 0.0294 
30 B 0.2910 0.0729 0.364 0.0399 
C 0.2083 0.2071 0.415 0.0427 
--~--------------------------------------------------------------------
Table 4.30 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 6 ft; 
Angle of Skew a = 60 degrees. 
------------------------------------------------------------------------
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.1892 0.0271 0.216 0.0245 
5 B 0.1'\79 0.0708 0.229 0.0232 
C 0.1265 0.1217 0.248 0.0234 
A 0.2033 0.0210 0.224 0.0264 
10 B 0.1963 0.0777 0.274 0.0283 
C 0.1529 0.1475 0.300 0.0295 
A 0.2079 0.0131 0.221 0.0269 
20 B 0.2~33 0.0746 0.308 0.0324 
C 0.1752 0.1704 0.346 0.0350 
A 0.2090 0.0090 0.218 0.0272 
30 B 0.2552 0.0687 0.324 0.0:l42 
C 0.1869 0.1825 0.369 0.0374 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
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Table 4.31 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 ft; Girder Spacing = 7.5 ft; 
Angle of Skew 0 = 0 degrees. . 
II Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.3596 0.1031 0.463 0.0530 
5 B 0.2987 0.2034 0.502 0.0508 
C 0.2352 0.2352 0.470 0.041 49 
A 0.3653 0.0358 0.401 0.0502 
30 B 0.3669 0.2254 0.592 0.0572 
C 0.2994 0.2994 0.599 0.0535 
Table 4.32 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 80 rt; Girder Spacing = 7.5 ft; 
Angle of Skew 0 = 60 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.2962 0.0926 0.389 0.0429 
5 B 0.2~62 0.1505 0.387 0.0:170 
C 0.1848 0.1804 0.365 0.0322 
A 0.3269 0.0511 0.3'78 0.0443 
30 B 0.3185 0.1923 0.511 0.0483 
C 0.2595 0.2534 0.513 0.0453 
------------------------------------------------------------------------
Notes: 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x Pa 3 /(E I ) 
g cg 
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Table 4.33 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 6.75 ft; 
H 
5 
Angle of Skew G' = 0 degrees. 
Girder 
A 
B 
C 
Truck 1 
0.2569 
0.2542 
0.1990 
Truck 2 
0.0238 
0.1340 
0.1990 
Total Moment 
0.281 
0.388 
0.398 
Deflection 
Table 4.34 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 rt; Girder Spacing = 7.5 ft; 
Angle of Skew G' = 0 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
------------------------------------------------------------------------
A 0.2723 0.0296 0.302 
5 B 0.2"52 0.1"42 0.429 
C 0.2146 0.2146 0.429 
A 0.2646 It! 0.265 
30 B 0.3548 0.1587 0.514 
C 0.2598 0.2598 0.520 
Table 4.35 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 8.25 ft; 
Angle of Skew G' = 0 degrees. 
H 
5 
Notes: 
Girder 
A 
B 
C 
Truck 1 
0.2860 
0.2'710 
0.2285 
1. Mc = (coefficient) x Pa 
2. Deflection = (coefficient) x 
3. It! = Ne~ative moment occurs. 
Truck 2 
0.0373 
0.1937 
0.2285 
Total Moment 
0.323 
0.465 
0.457 
Deflection 
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Table 4.36 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 6.75 ft; 
5 
Angle of Skew at = 60 degrees. 
Girder 
A 
B 
C 
Truck 1 
0.1985 
0.1725 
0.1319 
Truck 2 
0.0296 
0.0~12 
0.1260 
Total Moment 
0.228 
0.254 
0.258 
Deflection 
0.0264 
0.0251 
0.0247 
Table 4.37 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; "Girder Spacipg = 7.5 ft; 
Angle of Skew at = 60 degrees. 
H Girder Truck 1 Truck 2 Total Moment Deflection 
A 0.2083 0.0321 0.240 0.0283 
5 B 0.1771 0.1000 0.277 0.0272 
C 0.1385 0.132:t 0.271 0.0'.62 
A 0 .. 2358 0.0146 0.250 0.0'-l18 
30 B 0.2927 0.1348 0.427 0.0448 
C 0.2173 0.2123 0.430 0.0450 
------------------------------------------------------------------------
Table 4.38 Maximum Composite Girder Bending Moment and Deflection 
Coefficients: Span = 40 ft; Girder Spacing = 8.25 rt; 
Angle of Skew at = 60 degrees. 
H 
5 
Notes: 
Girder 
A 
B 
C 
Truck 1 
0.2150 
0.1767 
0.1446 
1. MCg = (coefficient) x Pa 
2. Deflection = (coefficient) x 
Truck 2 
0.0335 
0.1175 
0.1375 
Total Moment 
0.249 
0.294 
0.282 
Deflection 
0.0296 
0.0?89 
0.0274 
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Table 5.1 Maximum Girder Bending Moments Meg (or Dead Load: Curbs and 
Parapets 
Fraction of the Total Static Bending Moment on the Bridge 
b/a H Ot = 0 Ot = 30 Ot = 45 Ot = 60 
Girder -t> A B C A B C A B C A B 
5 0.295 0.153 0.096 0.291 0.160 0.099 0.284 0.166 0.103 0.266 0.170 
9/80 10 0.335 0.135 0.057 0.328 0.143 
0.064 0.324 0.154 0.068 0.290 0.161 
20 0.369 0.118 0.025 0.360 0.124 0.033 0.346 0.132 0.047 0.316 0.144 
30 0.385 0.108 0.011 0.378 0.113 0.018 0.365 0.120 0.031 0.337 0.131 
5 0.331 0.133 0.057 0.324 0.144 0.066 0.311 0.154 0.077 0.287 0.159 
9/60 10 0.375 0.113 0.018 0.365 0.122 0.031 0.351 0.134 0.050 0.324 0.145 20 0.407 0.095 -.006 0.399 0.101 0.004 0.385 O.llO 0.022 0.359 0.122 
30 0.413 0.089 -.007 0.405 0.093 0.001 0.390 0.100 0.015 0.361 0.111 
5 0.369 0.109 0.018 0.358 0.118 0.031 0.342 0.125 0.045 0.317 0.120 
9/40 10 0.411 0.088 -.009 00401 
0.094 0.006 0.387 0.102 0.024 0.363 0.105 
20 0.436 0.070 -.018 0.428 0.074 -.007 00416 0.079 0.008 0.393 0.085 
30 0.448 0.059 -.018 0.442 0.062 -.010 0.131 0.067 0.002 0.109 0.074 
Notes: 
1. Maximum total static bending moment on the bridge = (2/8) ca2. 
2. The longitudinal bending moment in the slab is ignored as usual. 
Table 5.2 Maximum Girder Bending Moments Meg (or Dead Load: Roadway 
Resurfacing 
Fraction of the Total Static Bending Moment on the Bridge 
b/a H Q{ = 0 Ot = 30 Ot = 45 Q{ = 60 
Girder -t> A B C A B C A B C A B 
5 0.166 0.209 0.226 0.166 0.203 0.217 0.163 0.191 0.202 0.149 0.156 
9/80 10 0.155 0.218 
0.241 0.155 0.214 0.234 0.153 0.205 0.222 0.145 0.177 
20 0.145 0.226 0.250 0.145 0.223 0.245 0.144 0.216 0.236 0.138 0.194 
30 0.140 0.230 0.254 0.140 0.227 0.249 0.140 0.222 0.241 0.136 0.203 
5 0.152 0.214 0.235 0.153 0.206 0.224 0.150 0.191 0.204 0.133 0.146 
9/60 10 0.141 0.225 0.250 
0.142 0.220 0.241 0.142 0.209 0.225 0.134 0.175 
20 0.132 0.234 0.257 0.133 0.231 0.251 0.133 0.223 0.240 0.130 0.197 
30 0.131 0.238 0.256 0.131 0.235 0.251 0.129 0.228 0.242 0.124 0.205 
5 0.136 0.219 0.241 0.135 0.209 0.225 0.130 0.187 0.198 0.106 0.128 
9/40 10 0.127 0.234 
0.252 0.128 0.227 0.241 0.126 0.211 0.222 0.113 0.164 
20 0.122 0.244 0.254 0.122 0.239 0.248 0.121 0.228 0.236 0.113 0.192 
30 0.119 0.249 0.253 0.119 0.245 0.249 0.118 0.236 0.240 0.112 0.206 
Notes: 
1. Maximum total static bending moment on the bridge = (1/8)( 4bw)a2. 
2. The longitudinal bending moment in the slab is ignored as usuaL 
C 
0.102 
0.093 
0.072 
0.056 
0.077 
0.069 
0.048 
0.037 
0.031 
0.028 
0.018 
0.012 
C 
0.163 
0.189 
0.210 
0.219 
0.154 
0.185 
0.209 
0.215 
0.132 
0.170 
0.198 
0.210 
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Figure 4.6 Maximum Girder Bending Moment Variation with H: 
a = 60 ft; b = 9 ft 
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Figure 4.9 Maximum Girder Bending Moment Variation with b/a by Changing b: 
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Figure 4.10 Maximum Girder Bending Moment Variation with b/a by Changing b: 
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Figure 4.11 Maximum Girder Bending Moment Variation with bja by Changing b: 
a = 80 ft; Q{ = 60 degrees 
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Figure 4.12 Girder Midspan Deflection Variation with b/a by Changing b: 
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Figure 4.13 Girder Midspan Deflection Variation with b/a by Changing b: 
a = 80 ft; a = 0 degrees 
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Figure 4.14 Girder Midspan Deflection Variation with b/a by Changing b: 
a = 80 ft; a = 60 degrees 
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Figure 4.15 fv1aximum Girder Bending Moment Variation with bja by Changing a: 
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Figure 4.16 Maximum Girder Bending Moment Variation with b/a by Changing a: 
b = 6 ft; H = 10 
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Figure 4.17 Maximum Girder Bending Moment Variation with bja by Changing a: 
b = 6 ft; H = 20 
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Figure 4.18 Maximum Girder Bending Moment Variation with bja by Changing a: 
b = 6 ft; H = 30 
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Figure 4.19 Maximum Girder Bending Moment Variation with b/a by Changing a: 
b = 9 ft; H = 5 
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Figure 4.20 Maximum Girder Bending Moment Variation with b/a by Changing a: 
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Figure 4.21 Maximum Girder Bending Moment Variation with bja by Changing a: 
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Figure 4.22 Maximum Girder Bending Moment Variation with b/a by Changing a: 
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Figure 4.25 Maximum Girder Bending Moment Variation with a: 
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Figure 4.26 Maximum Girder Bending Moment Variation with a: 
a = 40 ft; b = 9 ft 
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Figure 4.27 Maximum Girder Bending Moment Variation with a: 
a = 60ft; b = 9 ft 
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Figure 4.28 Maximum Girder Bending Moment Variation with 0': 
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MAXIMUM MIDSPAN GIRDER DEFLECTION = A 
A = (ASTAiIC) (b IX) (Y) 
Y = SKEW REDUCTION FACTOR FOR DEFLECTION 
a, b AND X IN FEET 
ex = 0 DEGREES 
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Figure 5.7 X-values for Interior Girder Midspan Deflections in Right 
Slab-~d-Girder Bridges 
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MAXIMUM MIDSPAN GIRDER DEFLECTION = A 
A = (ASTATIC) (b /X) (Y) 
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Figure 5.8 Interior Girder Skew Reduction Factor Y for Midspan D efiections 
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Figure 5.9 Xoovalues for Exterior Girder Midspan Deflections in Right 
Slab-~dooGirder Bridges 
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MAXIMUM MIDSPAN GIRDER DEFLECTION = A 
t:. = (ASTATIC) (b/X)(Y) 
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Figure 5.10 Exterior Girder Skew Reduction Factor Y for Midspan Deflections 
